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Capillary electrophoresis (CE) has become popular due to its high efficiency, high 
selectivity, high throughput screening ability, and simplicity in nature and operation. In 
this thesis, efforts were dedicated to the development of various CE methods as well as 
their applications in the analysis of biological and biomedical samples. Analysis of intact 
bacteria based on diluted polymer addition into run buffer by CE were performed and 
demonstrated to be feasible. Besides, the methods were successfully applied to bacterial 
pathogen determination using fish fluid as matrix. Being an alternative to slab gel 
electrophoresis, a CE method with laser induced fluorescence detection using 
poly(vinylpyrrolidone) as a sieving matrix was developed for the separation of DNA and 
mutated genes from bacteria. In addition, a micellar electrokinetic chromatography and 
an on-line preconcentration dynamic pH junction-sweeping method were developed for 
the analysis of mutagenic pyrrolizidine alkaloids in traditional Chinese medicine.  
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Chapter 1 Introduction 
 
1.1 Electrophoresis  
 
Electrophoresis is a separation technique based on the different mobilities of charged 
molecules in a conductive medium (usually aqueous solution) under an applied voltage. It 
was first introduced by Tiselius in the 1930s as a separation technique and later on he was 
awarded the Nobel Prize for his pioneering work [1]. Since then, historical advances of 
electrophoresis in paper, cellulose and gel electrophoresis have been made. 
Electrophoresis was performed on a support medium (i.e. semisolid slab-gel) or in nongel 
support medium (i.e. paper and cellulose acetate). The support medium provides physical 
support and mechanical stability for the fluidic buffer system. In some modes of 
electrophoresis, the gel participates in the mechanism of separation by serving as a 
molecular sieve. Despite impressive success of such kinds of electrophoresis, they have 
reached their limits with regard to analysis speed, separation efficiency and resolution etc. 
[2, 3]. 
 
Capillary electrophoresis (CE) has emerged as an alternative form of electrophoresis, 
where the capillary wall provides the mechanical stability for the carrier electrolyte and it 
represents a merging of technologies derived from traditional electrophoresis and high 
performance liquid chromatography (HPLC). The arrival of CE solved many 
experimental problems of gels and microchromatographic separations and it has made 
great advances in the past few decades. Its distinctive feature over other forms of 
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electrophoresis is that smaller capillaries which have large area-to-volume ratio are used. 
Due to highly efficient Joule heat dissipation of such kind of smaller capillary, high 
voltages of up to 30 kV can be used in electrophoresis. Compared with normal separation 
techniques such as gas chromatography (GC), high performance liquid chromatography 
(HPLC), μ-LC, or slab gel electrophoresis (SGE), CE has several advantages, such as 
shorter analysis time, higher separation efficiency and smaller sample consumed as well 
as higher throughput ability. 
 
Table 1-1 Comparison of Slab-Gel, μ-LC, HPLC and CE [4] 
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CLOD: Concentration limit of detection 
MLOD: Mass limit of detection 
 
Table 1-1 provides a comparison of SGE, μ-LC, HPLC and CE. Although CE shows 
merits compared to conventional HPLC, there are two disadvantages of CE. They are 
sensitivity of detection and precision of analysis which have prevented the widespread 
use of CE. On the other hand, CE is replacing slab-gel electrophoresis for most 
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high-throughput DNA separation. In this case, the ease of automation, precision and 
ruggedness of CE have superceded the slab-gel. 
 
1.2 History of capillary electrophoresis 
 
From a historical perspective, Tiselius was the first researcher who made great 
contributions to the development of electrophoresis in both theoretical and experimental 
aspects [1]. He demonstrated that electrophoresis could be a useful tool in studying large 
biomolecules which seemed to be promising in analytical chemistry. In 1967, Hjerten, the 
direct forerunner of modern capillary zone electrophoresis (CZE), first carried out 
electrophoresis in quartz tubes with 3 mm inner diameter (i.d.) [5]. To reduce the 
detrimental effects of convection caused by heat production, the 3 mm i.d tubes were 
rotated. Although the feasibility of electrophoresis in narrow tube was demonstrated, he 
was unable to achieve high separation efficiencies. In the 1970s, techniques using smaller 
i.d. tubes were successfully developed which permitted superior heat dissipation with the 
use of higher applied voltage [6]. In 1981, Jorgenson and Lukacs [7-9] employed 75 μm 
i.d. glass capillaries and excellent separations with symmetrical peaks and efficiencies in 
excess of 400, 000 theoretical plates per meter were observed. Clearly their advances 
have promised the start of the era of CE. 
 
In the 1980s, rapid growth of CE took place. Adaptation of capillary gel electrophoresis 
[10] and isoelectric focusing [11] to the capillary format was successful. In 1984, it was 
Terabe et al. [12] who introduced a new form of CE called micellar electrokinetic 
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chromatography (MEKC) by employing micelles as a “pseudo-stationary” phase, which 
expanded electrophoresis to the separation of neutral compounds. The pseudo-stationary 
phase in electrokinetic chromatography can be as well other materials including 
microemulsion, charged cyclodextrin and ionic polymers etc., not only limited to ionic 
surfactants [13]. As for capillary electrochromatography (CEC), the first report describing 
CEC appeared in 1974, when Pretorius et al. [14] demonstrated the possibility of using 
the electroosmotic flow (EOF) to drive methanol:water through a 1 mm glass tube packed 
with 75-125 μm octane-coated Partisil. Despite the fact that a lack of injection and 
detection mechanisms prevented actual separations from being performed, a concept was 
born. In 1981, Jorgenson and Lukacs [7] produced an electrically driven separation in a 
170-μm-i.d. Pyrex tube packed with 10 μm C18 particles. Later on, Knox and Grant 
further demonstrated theoretically and experimentally that reduced plate heights were 
lower in CEC than in HPLC [15, 16]. 
 
In the past decade, there has been an explosion of interest in the development of 
analytical system utilizing the microchip format since the initial description of the 
“lab-on-a-chip” concept [17]. The-called micro-total analysis systems (μ-TAS) offer a 
way to achieve fast, highly efficient separations in a miniaturized planar device that 
includes all of the components needed to perform and monitor the separation. 
Microfabricated systems have numerous potential benefits, including automation, 
reduced solvent waste, increased precision and accuracy, and disposability [18]. 
 
Apart from methods development in CE, great advances in detection also occurred during 
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the 1980s to overcome the serious limitation of the short path length defined by narrow 
i.d. capillaries [19, 20]. One of Jorgenson’s first papers in the field employed 
fluorescence [9]. And in 1985, Gassmann et al. employed laser induced fluorescence, 
improving detectability to the attomole range [21]. Later on, Olivares et al. interfaced 
CZE to the mass spectrometer via the electrospray interface [22]. The use of on-line mass 
spectrometry is significant because of the difficulty of carrying out fraction collection. In 
1987, it was Wallingford and Ewing who developed electrochemical detection (ECD), 
sensitive enough to measure catecholamines in a single snail neuron [23]. To measure 
solutes that have no UV adsorption and fluorescence, indirect detection was utilized by 
Kuhr and Yeung [24]. More importantly, since the first commercial instrument as the 
operation platform for electrophoresis was marketed in 1988, the development of 
capillary electrophoresis in theoretical aspects and application was greatly promoted 
[25-36].  
 
By now, CE has developed into a versatile analytical technique which is successfully 
employed for the separation of small ions, neutral molecules and large biomolecules. It is 
being utilized in widely different fields, such as analytical chemistry, forensic chemistry, 
clinical chemistry, organic chemistry, natural products, pharmaceutical industry, chiral 
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1.3 Basic principles of CE 
 
1.3.1 Electrophoresis theory 
 
Electrophoresis is the movement or migration of ions or solutes under the influence of an 
electric field. Therefore, separation by electrophoresis relies on differences in the speed 
of migration (migration velocity) of ions or solutes. Ion migration velocity can be 
expressed as: 
Eepμν =                             (1-1) 
where ν  is ion migration velocity (m.s-1),  epμ  is electrophoretic mobility (m2.V-1.s-1) 
and E is electric field strength (V.m-1). Electrophoretic mobility is a factor that indicates 
how fast a given ion or solute may move through a given medium (such as a buffer 
solution). It is an expression of the balance of forces acting on each individual ion; the 
electrical force acts in favor of motion and the frictional force acts against motion. Since 
these forces are in a steady state during electrophoresis, electrophoretic mobility is a 
constant (for a given ion under a given set of conditions). The equation describing 
electrophoretic mobility is: 
r
q
ep πημ 6=                           (1-2) 
where q is the charge on the ion, η  is the solution viscosity and r is the ion radius. The 
charge on the ion (q) is fixed for fully dissociated ions, such as strong acids or small ions, 
but can be affected by pH changes in the case of weak acids or bases. The ion radius (r) 
can be affected by the counter-ion present or by any complexing agents used. From 
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equation (1-2) we can see that differences in electrophoretic mobility will be caused by 
differences in the charge-to-size ratio of analyte ions. Higher charge and smaller size give 
greater mobility, whereas lower charge and larger size give lower mobility. 
Electrophoretic mobility is probably the most important concept to understand in 
electrophoresis. This is because electrophoretic mobility is a characteristic property for 
any given ion or solute and will always be a constant. More importantly, it is the defining 
factor that decides migration velocities. This is important because different ions and 
solutes have different electrophoretic mobilities, so they also have different migration 
velocities at the same electric field strength. Therefore, it is possible to separate mixtures 
of different ions and solutes by using electrophoresis. 
 
1.3.2 Electroosmotic flow 
 
A vitally important feature of CE is the bulk flow of liquid through the capillary. This is 
called the electroosmotic flow (EOF). It occurs because of the presence of ionized silanol 
groups (Si-OH) on the surface of fused silica capillary. Fused silica is the most common 
material used to produce capillaries for CE. It is a highly cross-linked polymer of 
silicondioxide with tremendous tensile strength [37-38].  
 
When the silica is exposed to an aqueous solution with a pH higher than 3, the silica 
surface has an excess of negative charges due to the deprotonation of silanol groups. 
Therefore, anionic charges on the capillary surface result in the formation of an electrical 
double layer, in which anions are repelled from the negatively charged wall region, 
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whereas cations are attracted as counter-ions. Ions closest to the wall are a compact and 
mobile region with substantial cationic character. At a greater distance from the wall, the 
solution becomes electrically neutral as the zeta potential of the wall is no longer sensed. 
(Figure 1-1) Expressions describing this phenomenon were derived by Gouy [39] and 
Chapman [40] in 1910 and 1913, respectively. This diffuse outer region is known as the 
Gouy-Chapman layer. The rigid inner layer is called the Stern layer [41].  
 
Figure 1-1 Stern’s model of the double-layer charge distribution at a negatively charged 
capillary wall leading to the generation of a zeta potential and EOF 
 
When a voltage is applied parallel to the capillary, the mobile positive charges migrate in 
the direction of the cathode or negative electrode. Since ions are solvated by water, the 
fluid in the buffer is mobilized as well and dragged along by the migrating charge. Thus, 
electroosmotic flow (EOF) is formed. In a fused silica capillary filled with an aqueous 
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solution of pH above 3, EOF is naturally cathodic, i.e. toward the cathode. This 
movement is immediately spread out over the whole liquid through frictional forces 




Figure 1-2 Electroosmotic flow at high pH 
 
Figure 1-2 shows the behavior of EOF at high pH where the silanol groups are fully 
ionized. The electroosmotic flow ( ) as defined by Smoluchowski in 1903’s given by eov
Eveo η
εζ=                            (1-3) 
Where ε  is the dielectric constant, η  is the viscosity of the buffer, and ζ  is the zeta 
potential of the liquid-solid interface. 
 
A further key feature of EOF is that it has flat flow profile, which is shown in Figure 1-3, 
alongside the parabolic flow profile generated by an external pump, as used for HPLC. 
EOF has a flat profile because its driving force (i.e., charge on the capillary wall) is 
uniformly distributed along the capillary, which means that no pressure drops are 
encountered and the flow velocity is uniform across the capillary. This contrasts with 
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pressure-driven flow, such as in HPLC, in which frictional forces at the column walls 
cause a pressure drop across the column, yielding a parabolic or laminar flow profile. The 
flat profile of EOF is important because it minimizes zone broadening, leading to high 
separation efficiencies that allow separations on the basis of mobility differences as small 
as 0.05%. Due to the existence of EOF, the simultaneous separation of cations, neutral 
analytes and anions is possible. EOF can be used to not only adjust analysis time and 




Figure 1-3 Flow profiles of EOF and laminar flow 
 
1.3.3 Measurement of EOF 
 
Routine measurement of the EOF is necessary to ensure the integrity of the separation. If 
the EOF is not reproducible, it is likely that the capillary wall is being affected by some 
components in the sample or an experimental parameter is not being properly controlled. 
The simplest method for measuring the EOF is to inject a dilute solution containing a 
neutral solute and measure the time it takes to transit the detector [42-43]. Neutral solutes 
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such as methanol, acetone, benzyl alcohol and mesityl oxide are frequently employed. 





eo ==μ                           (1-4) 
Where l is the distance from the point of injection to the detector, t is the time taken for 
the neutral analytes to migrate to the detector, E is the electrical field, V is the applied 
voltage and L is the total length of capillary. When the EOF is slow, the migration time 
can be long. To reduce the experimental time, it is favorable to use the short end of the 
capillary (detector window to capillary outlet) to make the measurement. When the EOF 
is very slow, as in the case with certain coated capillaries, special technique must be 
employed [44]. It is seldom necessary to measure very weak EOF since it doesn’t notably 
affect mobility or experimental precision. 
 
The movement of charged species under the influence of an applied field is characterized 
by its electrophoretic mobility ( epμ ). Mobility is dependent not only on the charge 
density of the solute but also on the dielectric constant and viscosity of the electrolyte. In 
the presence of electroosmotic flow, the apparent mobility ( appμ ) is the sum of the 
electrophoretic mobility of the analyte ( epμ ) and the mobility of the electroosmotic flow 
( eoμ ) 
eoepapp μμμ +=                         (1-5) 
The apparent mobility ( appμ ) can be also determined experimentally using the equation 
(1-4) by measuring time for analytes to transit to detector. Therefore, mobility of analyte 
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( epμ ) can be obtained with equation (1-5). In the absence of any EOF, the electrophoretic 
mobility of the analyte ( epμ ) will be equal to the apparent mobility ( appμ ).                       
 
1.3.4 Factors affecting EOF 
 
Mobility of EOF is directly related to the magnitude of zeta potential, dielectric constant 




=eo                             (1-6) 
Where η  is the viscosity, ε  is the dielectric constant of the buffer, and eoμ  is the 
electroosmotic flow mobility.  
 
1.3.4.1 Effect of buffer pH 
 
pH is the most important factor to control the EOF [45-47]. At high pH, the silanol 
groups are fully ionized, generating a strong zeta potential and dense electrical double 
layer. As a result, the EOF increases as the buffer pH was varied [45, 48]. The EOF must 
be controlled or even suppressed to run certain modes of CE. On the other hand, the EOF 
makes possible the simultaneous separation of cations, anions, and neutral species in a 
single run. In untreated fused-silica capillaries (EOF is strong), most solutes migrate 
toward the negative electrode unless buffer additives or capillary treatments are used to 
reduce or reverse the EOF. 
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1.3.4.2 Effect of buffer concentration 
 




eo ημ ×=                      (1-7) 
Where e is total excess charge in solution per unit area, Z is number of valence electrons, 
C is buffer concentration, η  is the viscosity. As the ionic strength increases, the zeta 
potential and similarly the EOF deceases in proportion to the square root of the buffer 
concentration, this was confirmed experimentally for a series of buffers where the EOF 
was found linear to the natural logarithm of the buffer concentration [49]. It was reported 
that equivalent EOF is found for different buffer types as long as the ionic strength is kept 
constant [49]. 
 
1.3.4.3 Effect of organic solvent 
 
Organic solvents can modify the EOF because of their impact on buffer viscosity [49] 
and zeta potential [50]. Aliphatic alcohols such as methanol, ethanol or propanol usually 
decrease the EOF because they increase the viscosity of the electrolyte. Acetonitrile 
either does not affect or may slightly increase the EOF [51]. Organic solvents are often 
employed in CE to help solubilize the sample. Selectivity can be affected as well in both 
CZE [51] and MEKC [52]. Because of the sensitivity of organic solvent concentration on 
selectivity, evaporation must be carefully controlled. In this regard, wholly aqueous 
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separations are often advantageous.  
 
1.3.4.4 Effect of buffer cations and buffer anions 
 
The electroosmotic flow is proportional to the potential drop across the diffuse layer of 
counter ions associated with the capillary wall. Because the potential drop is formed by 
counter ions in the buffer attracted to the charged silica surface, the nature of the counter 
ions will affect the zeta potential and therefore the EOF. 
 
1.3.5 Separation efficiency 
 
The high efficiency of CE is a consequence of several factors: 
1. A stationary phase is not required for CE. The primary cause of band broadening in 
HPLC is resistance to mass transfer between the stationary and mobile phases. The 
greater the retention, the greater the problem of band broadening as retention time 
increases. In CE, there is no mass transfer at all during separation because this 
dispersion mechanism only happens in packed-column. Similarly, Other HPLC 
dispersion such as eddy diffusion and stagnant mobile phase are unimportant in CE. 
2. In pressure-driven systems such as HPLC, the frictional forces of mobile phase 
interacting at the walls of column result in radial velocity gradients throughout the 
column. As a result, the fluid velocity is greatest at the middle of the column and 
approaches zero near the walls. This is known as laminar or parabolic flow. These 
frictional forces, together with the chromatographic packing, result in a substantial 
 14
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pressure drop across the column 
 
In electrical systems (CE), the EOF is generated uniformly down the entire length of 
capillary. There is no pressure drop in CE, and the radial flow profile is uniform across 
the capillary except very close to capillary, where the flow rate approaches zero. 
 
Jorgenson and Lukacs [8-9, 53] derived the efficiency of the electrophoretic system from 
basic principles using the assumption that diffusion is the only source of band broadening. 





μ=                            (1-8) 
Where N is number of the theoretical plates, appμ  is the apparent mobility of solute, V 
is the applied voltage, and D is the diffusion coefficient of the individual solute [51]. 
 
From above expression, some important generalizations can be made: 
1. The use of high voltage (V) gives the greatest number of theoretical plates, since the 
separation proceeds rapidly, minimizing the effect of diffusion.  
2. Solutes possessing high mobility ( appμ ) produce high plate numbers, because their 
rapid velocity through the capillary minimizes the time for diffusion 
3. Solutes with low diffusion coefficients (D) give high efficiency due to slow 
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tN M×=                        (1-9) 
Where Mt  is the migration time and  is the width of the peak at half height. This 
equation is strictly valid only for Gaussian peaks, and any peak asymmetry should be 
taken into account by the use of central moments which is a mathematical method in 





While high efficiency is important, resolution is the key for all forms of separation. In a 
high efficiency system, inadequate resolution may result in a single sharp peak. The 









1                           (1-10) 
Where μΔ  is the difference in mobility between two solutes, aveμ  is the average 
mobility of the two solutes, and N is the number of theoretical plates. Substituting the 





177.0 μμμ +Δ=                    (1-11) 
This expression suggests that increasing the voltage is not very effective in improving 
resolution, since that parameter falls inside of the square root of the resolution equation. 
A doubling of voltage results in only a 41% improvement in resolution. Another means of 
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improving resolution as predicted by above equation is to adjust EOF. Although this also 
falls into the square root of the resolution equation, this technique can be quite effective.  
 
There are three categories in this regard: 
1. Both electrophoresis and electroosmosis are in the same direction. This normally 
occurs when cations are being separated. In this case, decreasing the EOF will 
enhance resolution at the expense of run time. Doubling the run time produces a 41% 
improvement in resolution. 
2. Electrophoresis and electroosmosis are in opposite directions. This occurs on bare 
silica capillaries when anions are separated. Decreasing EOF will enhance run time at 
the expense of resolution, and vice versa. 
3. Electrophoresis and electroosmosis are equal but in opposite directions. Here the 
resolution is infinite, but so is the run time. However, this concept was used to 
generate ultrahigh theoretical plate numbers [56]. 
 
It is clear that improvements in resolution are best addressed by adjustments to μΔ , the 
difference in mobility between the two most closely eluting solutes in a separation. Since 
μΔ  falls outside of the square root sign of the resolution equation, the improvement in 
resolution is directly proportional to the change in mobilities.  
 
1.3.7 Joule heating 
 
A major limitation on the resolution and scale of electrophoresis separation is the ability 
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to dissipate the Joule heat that is inevitably generated as a result of the electric current 
passing through the electrolyte solution. The conduction of electric current through an 
electrolyte solution generates heat via frictional collisions between migrating ions and 
buffer molecules. Since high field strengths are employed in CE, Ohmic or Joule heating 
can be substantial.  
 
There are two problems that can result from Joule heating: [57-60] 
1. temperature changes due to ineffective heat dissipation 
2. development of thermal gradients across the capillary 
 
If heat is not dissipated at a rate equal to its production, the temperature inside the 
capillary will rise and eventually the buffer solution will outgas. Even a small bubble 
inside of the capillary disrupts the electrical circuit. At moderate field strengths, 
outgassing is not usually a problem, even for capillaries that are passively cooled. 
 




dH =                            (1-12) 
Where L is capillary length and A is the cross-sectional area. Rearranging this equation 






dH =                           (1-13) 
The amount of heat that must be removed is proportional to the conductivity of the buffer, 
as well as the square of the field strength. In CE, the center of the capillary is hotter than 
 18
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CE comprises a family of related techniques with different mechanisms of separation 
Table 1-2. Usually, only modifications of the background electrolyte (BGE) are sufficient 
to switch from one mode to another. Therefore, its versatility in operation makes it 
flexible to select a proper CE mode for a specific sample separation. Basically, CE modes 
include capillary zone electrophoresis (CZE), capillary gel electrophoresis (CGE), 
micellar electrokinetic chromatography (MEKC), capillary electrochromatography (CEC), 
capillary isoelectric focusing (CIEF) and capillary isotachophoresis (CITP). In the 
following section, CZE, CGE and MEKC modes were simply described since they were 
employed for the analysis of different biomedical samples in the thesis.
 
1.4 Different modes of CE 
the periphery. This situation becomes similar to laminar flow where the electrophoretic or 
electroosmotic velocity at the center of the capillary is greater than the velocity near the 
walls of the capillary. The temperature differential of the buffer between the middle and 
the wall of the capillary can be estimated from 
 
Where W is power, r is capillary radius, and K is thermal conductivity of the buffer, 
capillary wall and polyimide cladding. It is clear that the thermal gradient is proportional 
to the square of the capillary radius. Hence, the use of narrow capillaries facilitates high 
resolution. On the other hand, the use of dilute buffers permits the use of wider bore 






=Δ                         (1-14) 
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Table 1-2 Different modes of CE 
CE modes Separation mechanism Application 





















Separation is based on mobility differences of analytes in 
an electric field. These differences are dependent on the 
size and charge to mass ratio of analyte ions. 
 
Mechanism is based on the solute size as the capillary is 
filled with a gel or polymer network that inhibits the 
passage of larger molecules. 
 
Separation mechanism is based on the differential partition 
of the solutes between the hydrophobic interior of a 
charged micelle and the aqueous phase 
 
Capillary is packed with a stationary phase that can be 
capable of retaining solutes in a manner similar to column 
chromatography. 
 
Analytes are separated on the basis of their isoelectric 
points 
 
Sample zone migrate between a leading electrolyte at the 
front and a trailing electrolyte at the end. All of solutes 
travel at the same velocity through the capillary but are 






as protein and DNA 
 
 











protein and peptide 
Anions or cations 
 
Chapter 1                                                    Introduction 
1.4.1 Capillary zone electrophoresis (CZE) 
 
CZE is the most common and simplest mode in CE which is performed in a 
homogeneous carrier electrolyte (the electrolyte in both reservoirs and the capillary are 
the same). As the electric field is applied, analytes are separated into discrete bands when 
each solute’s individual mobility is sufficiently different from all others. Separations of 
small ions, small molecules, peptides, proteins, viruses, bacteria and colloidal particles 
have been reported [28, 61-62, 78]. 
 
1.4.2 Micellar electrokinetic chromatography (MEKC) 
 
MEKC is a mode of CE similar to CZE, in which separation mechanism is based on the 






Figure1-4 Schematic diagram of principle of MEKC 
 
Figure 1-4 illustrates the concept of MEKC. Micellar solutions can be used to solubilize 
hydrophobic compounds that would otherwise be insoluble in water. In MEKC, the 
micelles are used to provide a reversed-phase character for the separation mechanism. 
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Although, MEKC was originally developed for the separation of neutral species by 
capillary electrophoresis, it has been shown to enhance resolution in the analysis of a 
variety of charged species. 
 
When an anionic surfactant is placed in the buffer at a concentration exceeding the 
critical micelle concentration (CMC), the surfactant monomers aggregate to form 
micelles. The micelles are essentially spheres in which the hydrophobic tails of the 
surfactants are oriented toward the center and the charged head groups face outward into 
the electrolyte solution. MEKC is commonly performed with anionic surfactants, the 
surfaces of which have a net negative charge. SDS is the most commonly used surfactant 
in MEKC, owing to its high water solubility and lipid-solubilizing power [63-65].  
 










−=                         (1-15) 
Where Mt  is the migration time of solute,  is the migration time of an unretained 
solute, and  is the migration time of the micelles. The capacity factor ( ) is a 
measure of the ratio of total moles of solute in the micellar phase versus those in the 
aqueous phase. As in Eq. (1-15), as the velocity of the micellar phase slows and 
approaches zero,  becomes infinite and the equation for resolution reduces to the 
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α                 (1-16) 
The optimal value for  (maximum resolution) is given by 'k
( ) 2/10/ ttk mcopt =                        (1-17) 
The parameters  and  must be determined experimentally. Determination of  
can be accomplished by measuring the transit time to the detector for a neutral species 
that has no affinity for the micelle. Methanol, acetone, or formamide is typically selected. 
As for , it is determined by employing a probe such as Sudan III, a water soluble dye 




1.4.3 Capillary gel electrophoresis (CGE) 
 
CGE can be also considered as CZE which is performed in electrophoretic media of gels 
giving a size sieving effect [67]. CGE is well known for its extremely high efficiency and 
is a powerful analytical technique for the separation of double-stranded DNA, 
single-stranded DNA and polymerase chain reaction products. Initially, CGE was carried 
out by converting gel electrophoresis of slab format to capillary format. However, the 
preparation of a stable, bubble-free gel filled capillary is a complex undertaking. Recently, 
replaceable liquid gels, known as entangled polymer networks, have been used which 
provides better run-to-run reproducibility. Additionally, materials employed for 
size-sieving effect are substantially expanded [68-70]. 
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1.5 Instrumentation for capillary electrophoresis 
 
A capillary electrophoresis system is remarkably simple in design as Figure 1-5 illustrates. 
In brief, basic components include the power supply which provides the high voltage 
necessary for separation, the capillary in which the separation takes place, the detector 
which determines the sensitivity of the separation, and the data acquisition system.  
 
 













Figure 1-5 A schematic diagram of basic CE instrumental setup 
 
For separation, the ends of a capillary are placed in separate buffer reservoirs, each 
containing an electrode connected to a high-voltage power supply capable of delivering 
up to 30 kV. The sample is injected onto the capillary by temporarily replacing one of the 
buffer reservoirs (normally at the anode) with a sample reservoir and applying either an 
electric potential or external pressure for a few seconds. After replacing the buffer 
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reservoir, an electric potential is applied across the capillary and the separation is 
performed. Optical (UV or fluorescence) detection of separated analytes can be achieved 




In CE, only small quantities of sample can be introduced into the capillary if the high 
efficiencies characteristics of the technique are to be maintained. In general, the sample 
length should be less than 1% of the total capillary length. Although it can be 
advantageous for applications with limited volumes of sample, it can be a problem from 
the point of view of detection. 
 
There are two forms of injection used in CE, hydrodynamic injection and electrokinetic 
injection. Hydrodynamic injection is simple to employ and it usually guarantees that 
proper amount of sample enters the capillary. With electrokinetic injection, the 
conductivity of the sample relative to the BGE influences the numbers of ions entering 
the capillary. The advantage of electrokinetical injection is that ultra high enrichment is 
possible. These two modes of injection are described in the following sections. 
 
1.5.1.1 Hydrodynamic injection 
 
Hydrodynamic injection (Figure 1-6), which is the most common approach, can be 
achieved by (A) raising the sample vial a given distance above the level of the destination 
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vial for a predetermined time (gravity), (B) applying pressure to the sample vial 
(pressure), or (C) applying a vacuum to the destination end of the capillary (vacuum). 
With hydrostatic injection mechanisms, injection reproducibility can be better than 1-2% 









Figure 1-6 Hydrodynamic injection methods 
 
The volume of sample loaded is a function of the capillary dimensions, the viscosity of 






4Δ=                         (1-18) 
Where Δ p is the pressure difference across the capillary, d is the capillary inner diameter, 
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t is the time, η  is the buffer viscosity, and L is the total capillary length. For gravity 
injections, Δ p is given by  
hgp Δ=Δ ρ                            (1-19) 
Where ρ is the buffer density, g is the gravitational constant, and  is the height 
differential of the reservoirs. Since the flow rate is proportional to the forth power of the 
capillary diameter, these values can only be considered approximate. Consequences of an 
open-ended injection system and the Poiseuille equation mean that changes in the 
experimental conditions will result in variations of the amount of material injected. While 
exact assessment of the injected amount is generally unnecessary, since standards are 
used to calibrate the system, it is not difficult to calibrate the injection system. 
hΔ
 
1.5.1.2 Electrokinetic injection 
 
The second injection technique uses electrophoretic and/or electroosmotic migration to 
inject samples into the capillary [71]. By applying a low voltage for a short period, 
controlled amounts of the sample are introduced readily. The advantages of this approach 
over the others are that there is no need for an external pressure or vacuum source and the 
more sample can be introduced [71]. The disadvantage is that the sample plug that enters 
the capillary is not representative of the sample, because the higher mobility ions will 
enter at greater rates than the lower mobility ions. The quantity of sample introduced 





2)( πμμ +=                       (1-20) 
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Where epμ  is electrophoretic mobility of the analyte, eoμ is EOF mobility, V is voltage, 
r is capillary radius, C is analyte concentration, t is time and L is capillary total length.  
 
From the above equation, it can be seen that sample loading is dependent on the epμ  
and eoμ . High mobility solutes may be preferentially enriched over those with low 
mobility. Solutes that have identical mobility in free solution show no bias [72]. 
Conductivity differences in sample solutions can also affect the quantity of samples 
because electric field strength at the point of injection is governed by the ratio of the 
conductivity of the BGE to that of the sample. Therefore, it is critical to maintain a 
constant and low conductivity in samples when using electrokinetic injection. 
 
1.5.2 Sample stacking 
 
As mentioned above, the injection volume is generally less than 1% of the capillary 
volume to minimize zone broadening in CZE. The constraints imposed on sample 
loadings and the short path length of capillary are such that practical concentration 
detection limits in CZE-UV are in the order of 1 μg/mL. In order to improve the detection 
limits, different approaches for on-line sample concentration have been developed, such 
as field amplified sample injection (FASI) [73-75], large volume sample stacking (LVSS) 
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1.5.3 Detection 
 
The most common mode of detection in CE is on-capillary detection. The characteristics 
of on-capillary detection differ dramatically from those of postcolumn detection in HPLC. 
In CE, migration velocity of each solute through the capillary is a function of its 
electrophoretic mobility in conjunction with the EOF. Since detection occurs on capillary, 
these forces are operative as the solute is traversing the detection window. As a result, 
slower moving components spent more time migrating past the detector window than 
their more rapidly moving counterparts. Currently, there are many detection techniques 
which are available for the CE detection, such as absorbance detection [85-89], 
fluorescence detection [90-92], electrochemical detection [93-96], conductivity [97-99] 
and mass spectrometry [100-102] etc. In the thesis, UV-Vis absorbance detection and 
fluorescence detection were employed. 
 
1.5.3.1 UV-Vis detection 
 
UV-Vis absorption detection is by far the most popular technique used today because it is 
simple to use and most analytes containing chromophore can be observed with it [85-89]. 
Several types of absorption detectors are available on commercial instruments. The 
principle of UV-Vis detection is based on the Lambert-Beer law which is an empirical 
relationship that relates the adsorption light to the properties of the materials through 
which the light is traveling [85, 103]. In essence, the law states that there is a logarithmic 
dependence between the transmission of light through a substance and the concentration 
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of the substance. The law tends to break down at very high concentrations. UV-visible 
absorption is useful for a large number of compounds that contain a chromophore. If 
analytes do not contain a chromophore, indirect detection can be employed for detection 
[88]. This involves using a buffer in the capillary which actually absorbs the radiation 
from the lamp along with analytes which do not absorb UV radiation. As analytes move 
past the detector the amount of light passing through the capillary increases as UV 
absorbing buffer is excluded. However, indirect UV detection has lower sensitivity, 
around 10-100 times less than direct UV detection. UV detection is performed on column 
for miniaturized detection volume and convenience in operation, but the optical path 
length is determined by the inner diameter of the capillary. Thus, it limits the sensitivity 
of absorbance detection techniques since the signal of this type of detector is proportional 
to the optical path length. Therefore, increasing the optical path length of the capillary 
window should increase S/N simply as a result of Beer’s law. This may be achieved in 
several ways by using bubble cells and Z-cells [104]. Although there has been some 
success with these kinds of cells, their application seems to be limited because the 
improvement of optical path length is quite limited. Moreover, proper alignment such as 
for Z-cells is quite critical. 
 
1.5.3.2 Fluorescence detection 
 
The second most widely used CE detector is based on fluorescence, using either an arc 
lamp or laser as an excitation source. This highly sensitive and selective detector is 
especially important in biological applications. Fluorescence is expected in molecules 
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that are aromatic or contain multiple conjugated double bonds with high degree of 
resonance stability. The main advantage of fluorescence detection compared to alternative 
detection techniques based on absorption measurement such as UV-Vis, lies in the greater 
sensitivity. This greater sensitivity results from the fact that the background emission due 
to the buffered solution is very low by comparison with the emission from the 
fluorochromes. In another word, signal to noise ratio is not a function of detection cell 
path length. For those fluorescent molecules, fluorescence detection provides selective 
excitation of the analytes to avoid interferences. Fluorescence is an important CE 
detection scheme mainly because it aids in analyte specificity and can provide extremely 
low detection limits. Detection limits range from approximately 10-15 to 10-20 moles. The 
fluorescence detector with lamp-based incoherent light sources are of low cost and good 
commercial availability, but further improvement on detection sensitivity is limited by 
low excitation power intensity and considerable light scattering from the capillary wall. 
In 1985, Gassmann et al. [21] reported the first application of laser-induced fluorescence 
detection in CE. LIF produces remarkable improvements on detection sensitivity because 
of the monochromaticity and coherent nature of the laser light. At present, LIF is the best 
detection scheme in CE as far as sensitivity is concerned [105]. Although on-column 
fluorescence detection can provide excellent detection limits, the technique is less 
versatile than UV detection and must be derivatized with some type of fluorophores [106, 
107]. An alternative to derivatization of nonfluorescent compounds is to perform indirect 
fluorescence detection [107]. The procedure is performed on-column, by incorporating a 
fluorescent dye into the background electrolyte. When ionic analytes interact with the 
fluorophore, the result is either displacement of the fluorophore or ion pairing with it. 
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Indirect fluorescence detection is typically less sensitive than direct fluorescence 
detection. However, it is usually more sensitive than direct UV detection. Another main 
disadvantage of indirect detection is that its universal nature could become a hindrance 
with extremely complex samples which may contain interfering species. 
 
1.6 Scope of research 
 
The primary objective of this thesis is to expand the analytical applicability of capillary 
electrophoresis (CE) and to explore the feasibility of developing CE separation methods 
for the analysis of important biological and biomedical samples. Three main categories of 
samples representing different size ranges including intact bacteria, bacterial DNA and 
mutagenic alkaloids were selected. Although previous studies on the above samples had 
been carried out, further improvements with regard to rapidity, efficiency, selectivity and 
sensitivity for the analysis of the above samples will certainly be beneficial for the 
applications in different fields, such as clinical chemistry, microbiology and 
pharmaceutical testing etc. The entire thesis will be divided into two parts (Part I and Part 
II) to ensure clarity in discussion: Part I including Chapter 2 and Chapter 3 will be 
focused on the analysis of bacteria as well as their DNA by CE and Part II including 
Chapter 4 and Chapter 5 will be concentrated on the analysis of mutagenic alkaloids. 
 
In Part I, the first specific objective is to develop and establish CE methods for the 
analysis of intact bacteria (i.e., Pseudomonas aeruginosa, Enteropathogenic escherichia 
coli and Edwardsiella tarda) with different detection methods. This unique combination 
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of instrumental analysis and biology could revolutionize many aspects of microbiology, 
diseases diagnosis, environmental science, and any technology that utilizes or deals with 
bacteria, viruses, fungi, algae, and even protozoa. In this part, critical factors which affect 
migration behavior of bacteria will be investigated and optimized separation conditions 
will be employed to separate mixtures of bacteria. The optimized conditions will also be 
applied to the determination of pathogenic bacteria in real sample (fish tissue). The 
method is expected to be an alternative and powerful tool for high throughput screening 
of bacteria, and for fast identification and determination of pathogenic bacteria in 
environmental and biological samples. It would also become promising in many future 
microbiological endeavors as well as in the development of microchip-based 
microbiology laboratories of the future. 
 
The second objective of Part I is to establish a CE method based on entangled polymers 
with laser induced fluorescence detection for the analysis of mutated DNA from bacteria. 
The great advantage of polymer solutions over gel-filled capillaries is the possibility to 
replace the polymer solutions between each analysis. This improves the reproducibility of 
separation and increases the capillary lifetimes. Here a polymer, poly(vinylpyrrolidone), 
will be employed as a sieving matrix for the separation of DNA. The advantage of this 
polymer with high molecular weight (Mr = 1,300,000) yet low viscosity is distinctive, 
which makes capillary filling much easier and hence it will be favorable for DNA 
separation and genotyping in the life sciences. 
 
In part II, the first objective is to develop a micellar electrokinetic chromatography 
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method for the analysis of pyrrolizidine alkaloids. Due to the complex components in 
herbs, it will be of great interest and significance to establish a method with high 
selectivity to separate and determine the active and carcinogenic therapeutic components 
in herbs. To achieve the best separation and reproducibility, key factors affecting 
separation, analysis speed and efficiency will be investigated. The optimized conditions 
will be used to determine the pyrrolizidine alkaloids in traditional Chinese medicine. The 
second objective is to establish an on-line preconcentration strategy, namely dynamic pH 
junction-sweeping, to improve the detection sensitivity. It will be useful to develop such a 
kind of preoconcentration strategy, particularly for those components with low level 
concentrations in real samples. This strategy combines the advantages of dynamic pH 
junction and sweeping. The factors affecting sensitivity enhancement (SE) factor will be 
investigated. In addition, performance of several preoconcentration strategies will be 
compared. Finally, the optimized dynamic pH junction-sweeping method will be utilized 
for the direct analysis of pyrrolizidine alkaloids in plants. The proposed methods are 
potentially useful for quality control in pharmaceutical industries to monitor those toxic 
compounds in natural products which are harmful to human health. 
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Part I  
 
Chapter 2 Electrophoretic behavior analysis of intact bacteria 




Sophisticated instrumental techniques for the analysis and characterization of 
microorganisms are becoming more and more common. Although these relatively newer 
approaches will not replace traditional microbiological methods, their development and 
use will continue to grow. In particular, methods based on CE seem to be promising since 
the surfaces of microorganisms carry charges due to the ionization of surface groups as a 
result of protonation or deprotonation of acidic or basic surface molecules and adsorption 
of ions from the surrounding solution [108]. This unique combination of chemistry, 
instrumental analysis and biology could revolutionize many aspects of microbiology, 
diagnosis of diseases, environmental science, and any technology that utilizes or deals 
with bacteria, viruses, fungi, algae, and even protozoa. 
 
The chemistry of the outer cell wall determines not only surface charge but also whether 
the organisms are gram-positive or gram-negative. The cell wall of gram-negative 
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bacteria are composed of three layers, an inner phospholipid bilayer membrane, a thin 
peptidoglycan layer and the outer bilayer membrane, coated with complex 
lipopolysaccharides. These groups give rise to surface charge on gram-negative bacteria. 
Gram-positive bacteria have a much thicker peptidoglycan layer which is their outer layer. 
Teichoic acids are prevalent in the cell walls of gram-positive bacteria giving them a 
negative charge. The phosphodiester bonds linking the polymers of the peptidoglycan 
layer can also acquire charge under the right condition [109]. Viruses have an outer 
protein coat in place of a membrane. The amino acid residues of the proteins enable 
charge formation [109]. The charge can be altered depending on pH, ionic strength, 
electrolyte composition and temperature. 
 
Microorganisms like bacteria, viruses, fungi, etc. have a major impact on human, animal 
and plant life. Therefore, identifying, quantitating and monitoring such microorganisms 
are of paramount importance. Much effort has been made to develop fast, efficient 
separation methods for the identification and quantitation of biologically important 
molecules and the components of lysed cells [110-113], while the analysis of intact 
microorganism seems to be neglected and limited [104-117]. A typical microbial assay 
which includes differential staining, serological analysis, flow cytometry, phage typing, 
protein analysis and DNA nucleotide sequencing requires quite long analysis time and 
usually is inefficient [118]. Currently, many instrumental methods are available for 
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microbial analysis, such as surface plasmon resonance, fluorescence assays and 
fiber-based optical methods as well as indirect detection methods [119-124]. 
Unfortunately, there is still no way to provide definitive identification and determination 
of unknown bacteria within a single run. Attempts have been made to use intact cell-mass 
spectrometry (IC-MS) approaches to get fingerprint information arising from the 
constituents present on the outer surface of different bacterial gram types [125]. 
Compared with traditional MS approaches [119, 126] which look at the molecular 
components in a cell, IC-MS technique shows mass fingerprints corresponding to 
material desorbed directly from the cell wall. The solvents used in this method do not 
extract internal cellular material. Specific UV absorbing matrices were found to be 
specific to bacterial gram type which allowed mixed cultures of different gram types to 
be differentiated by IC-MS. However, the LOD of IC-MS approaches were not 
satisfactory (10  cells, ×10 cells/mL) [125]. What’s more, mass information of the MS 
spectra obtained from outer surface make identification quite difficult. A simple, highly 




Since the first CE experiment involving microbes by Hjertan et al. [127] was performed 
on an analytical scale, it has undergone a great development [127-146]. Zhu and Chen 
[128] used CZE to analyze erythrocytes with hydroxypropyl methylcellulose (HPMC) 
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coated capillary to reduce EOF. Grossman and Soane found that the orientation of a 
microbe affects its electrophoretic mobility [129]. Subsequently, Ebersole and 
McCormick reported the first separation of bacteria via CZE. In their publication, four 
bacteria were separated into discrete bands in nearly 70 min and ninety percent of the 
bacteria were thought to remain viable throughout the experiment [130]. Similar CE 
separation of different bacteria was also reported by Pfetsch and Welsch [131]. However, 
there are some difficulties existing in these studies: 1) very long capillaries are needed for 
this procedure; 2) separation is possible for bacteria with significant difference in 
mobilities; 3) CE peak capacity is small due to the limited migration window and large 
bandwidths. Despite the difficulties, these works provide a solid starting point for future 
microbial analysis by CE methods. It was clear that the efficiencies and time of analysis 
must be substantially improved if CE was to become a dominant and highly useful 
method for microbial analysis.  
 
Most recently, Armstrong and co-workers established a method that yielded highly 
efficient separations of intact microorganisms with short analysis times and sharp peaks 
[132-136]. These “apparent efficiencies” were attributed to the use of a very dilute 
(0.025%, w/w) polymer additive (Poly(ethylene)oxide, PEO). In one particular study, this 
method enabled the effective separation of Micrococcus luteus, Enterobacter aerogenes, 
Pseudomonas fluorescens and Saccharomyces cerevisiae in less than 10 min, with a 
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capillary having dimensions of 100 μm i.d. and 27 cm length [132]. For the first time, 
capillary dimensions, migration times, peak resolutions, and “apparent efficiencies” were 
comparable to the best molecular separations. The exact mechanism for the resulting 
separations was not completely understood in the early reports [133-135]. However, it 
was clear that the size, shape and charge of the particles affected separation. It was 
subsequently shown that aggregation played a significant role in obtaining individual 
reproducible peaks [136]. Visible microscopy of cell solutions before injection into the 
capillary displayed a good correlation between the number of peaks in the resulting 
electropherogram and the extent of aggregation of cells in the solution. There was a 
marked reduction in the number of peaks by brief sonication of microbial solution just 
before injection. Experimental results showed that larger aggregates migrated through the 
capillary slower than single cells. Upon sonication, the aggregates were dissipated, 
allowing the single cells to migrate freely through the capillary. This uniform solution 
allowed an individual peak to be obtained [133].  
 
The technique has been used for a number of applications. For instance, determination of 
cell viability in a mixed bacteria sample has been realized with the developed CE 
methods [133]. In this work, two bacteria and a yeast in a mixture were separated, 
identified, quantified, and the viability of each determined in a single run. Most 
importantly, the developed CE methods have been applied to complex matrices including 
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various consumer products and biological fluids [134-135]. A rapid CE-based assay for 
the identification of bacteria causing urinary tract infections (UTIs) was described by 
Armstrong et al. [134]. In this work, pathogens were distinguished from one another after 
direct injection of untreated urine. High efficiencies (often exceeding 1 000 000 plates/m) 
and short analysis time (<10min) were achieved. This high efficiency separation-based 
approach was proven to be invaluable for the diagnosis and tracking of certain diseases. 
In addition to the UTIs assay, a microbial assay for consumer products containing active 
bacteria was also developed [135]. Active bacteria, Lactobacillus acidophilus in both pill 
and syrup health products as well as Bifidobacterium infantis in a powdered formula 
supplement were identified and quantitated. 
 
Several mechanistic aspects of the dilute polymer technique were studied using very 
specialized equipment [137-139]. By using a charge-coupled device (CCD) camera 
coupled with laser induced fluorescence, moving pictures of the CE could be taken. The 
movies revealed that under certain conditions a band compaction process occurred inside 
of the capillary as the bacteria traveled under the applied voltage. This phenomenon 
appeared to be one of the reasons for the very narrow bandwidth of the peaks [137]. 
Several proposed pathways for the unusual compaction behavior were discussed in a 
recent paper [138]. The first proposed mechanism involved the presence of a “hairy” 
layer near the surface of the microbe from the dilute adsorbed polymer. It is known that 
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either grafting or adsorbing a polymer to the surface of a colloidal particle affects its 
electrokinetic behavior [139-142]. The altered mobility of both small ions in solution and 
the colloidal particles as well as a decrease in conductivity in the vicinity of the adsorbed 
















Figure 2-1 Hairy particle model. (A) Initial stage just after the sample is injected and the 
power is turned on. The negatively charged microbes behave as individual entities and the 
sample zone exerts a differential influence on the migration of small ions. (B) 
Compression may occur because of the lower conductivity of the sample zone, the 
countercurrent movement of the negatively charged “hairy” particles versus the bulk 
solvent, and the differential charge at opposite sides of the sample zone. Note that small 
aggregates begin to form when the particle cells contact one another. They become larger 
as the process continues. (C) Once compressed, the microbes move as a single charged 
entity rather than a group of individual particles. (D) The macroparticle moves toward the 
cathode at a velocity governed by its size-to-charge ratio and the EOF velocity. 
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The electrokinetic movement of small ions is slowed within this “hairy layer” creating a 
localized region of lowered conductivity. This is well known for molecular analysis, but 
unlike molecular analysis, the sample here is not intentionally dissolved in a solution of 
lower ionic strength to create the effect. In addition, no other experimental focusing 













Figure 2-2 Shape induced differential model. In this model, randomly oriented particles 
experience differential viscous drag force leading to nonuniform velocities as indicated 
by the different length arrows in step A. Reorientation reshuffles their velocities 
continuously. Because of their different velocities, the particles collide and form 
aggregates (B). The process continues to build up one large aggregate (C). Once the 
macroparticle is formed, it moves toward the cathode at a velocity governed by its 
size-charge ratio and the EOF velocity (D).  
 
A shape induced differential mobility model was also proposed. (Figure 2-2) Some 
bacteria such as E. coli and B. infantis are rod shaped and may exhibit varying mobilities 
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based on their orientation in the capillary under applied electric field. The differential 
mobilities may facilitate collisions between the bacteria and cause them to aggregate. It is 
believed that the polymer may serve a two-fold function in the process: to slow the EOF 
and allow sufficient time for the separation process to occur, and to aid in particle-particle 
interactions. 
 
The last of three proposed mechanisms was the “field-induced aggregation model”. This 
model was based upon a recent theory which suggests that some colloidal particles will 
form disc-like aggregates that align themselves perpendicularly to existing electric field 
lines. Using a CCD camera coupled to a microscope, bacteria could be imaged at the 
single bacterium level. Visualization of the bacteria under the applied electric field 
showed that they moved at different speeds depending on their angular orientation with 
respect to the direction of flow. Those at 0° (parallel to flow) moved fast, while those at 
90° (perpendicular to flow) moved slowest. The bacteria collided and agglomerated as 
they traveled, due to varying velocities. The chances of another collision then increased 
due to the larger size of the newly formed aggregate. This “sticking” of the bacteria also 
contributed to attainment of very narrow bandwidth of the CE peaks. It is important to 
note that the traditional term for efficiency does not apply to these types of systems. If the 
cohesive forces between the agglomerated bacteria are greater than the dispersive forces 
within the capillary, then there is no band broadening and the peak width is independent 
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of migration time. 
 
In this chapter, electrophoretic behavior of different bacteria using CE methods will be 
studied. Key factors such as pretreatment of bacterial samples and effect of ionic strength 
affecting migration behavior of bacteria will be examined. In the mean time, separations 
of mixtures of bacteria under optimized conditions with UV and fluorescence detection 
will be carried out. Finally, quantitative analysis will be made for the determination of 
bacteria Edwardsiella tarda in fish species. 
 
2.2 Experimental section 
 
2.2.1 Chemicals and materials 
 
TTris(hydroxymethyl)aminomethane (Tris), boric acid, disodium 
ethylenediaminetetraacetate (EDTA), poly(ethylene)oxide (PEO: Mr=600,000), 
Coumarin 334 (471nm/509nm) were purchased from Aldrich (Milwaukee, WI). SYTO 13 
green fluorescent nucleic acid stain (5 mM) dissolved in DMSO was purchased from 
Molecular Probes (Eugene, OR, USA). Tryptic soy broth (TSB) and Tryptic soy agar 
(TSA) were purchased from Fluka (Buchs, Switzerland). The bacteria Pseudomonas 
aeruginosa, Enteropathogenic escherichia coli, Edwardsiella tarda were kindly donated 
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by the Department of Biological Science (NUS, Singapore). Fish was obtained from a 



















Figure 2-3 Capillary electrophoresis with blue light-emitting diode-induced fluorescence 
detection system. (1) Capillary; (2) Cell; (3) Objective; (4) Power supply; (5) Filter set; 




CE separations with UV detection were carried out with a Prince CE system (Prince 
technologies B. V., Emmen, The Netherlands) and a UV-Vis detector of SPD-10A 
(Shimadzu, Kyoto, Japan). Online detection was performed at 214 nm. The total length of 
untreated fused silica capillary (Polymicro Technologies Inc., Phoenix., AZ, USA) was 
56 cm (44.5 cm to detection window). The inner diameter was 101.0 μm, and the outer 
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diameter, 368.0 μm. Electrophoresis was performed at 15 kV and a temperature of 22ºC. 
CE separations with a blue light-emitting diode (LED) induced fluorescence detection 
were performed on a home made CE system coupled with a microscope (Leica DMSL, 
Germany) as shown in Figure 2-3. 
 
A LS-450 Blue-LED pulsed light source (Ocean Optics, Inc., USA) which produces 
either pulsed or continuous output at 473 nm (the blue region) was used as an excitation 
source. A high voltage power supply (CE Resources Pte Ltd, Singapore) was used to 
drive electrophoresis. A Photomultiplier tube (H5784-02, HAMAMATSU, Japan) was 
used for the detection of induced fluorescence filtered with a suppression filter 515 nm 
(Leica, DMSL, Germany). The total length of untreated fused silica capillary (Polymicro 
Technologies Inc., Phoenix., AZ, USA) was 51 cm (30 cm to detection window). The 
dimension of the capillary is the same as the one used for UV detection. The detection 
window was arranged in a horizontal direction. Hydrodynamic injection was carried out 
using a 10 cm height difference between the inlet and the outlet ends of the capillary. 
 
2.2.3 Capillary electrophoresis 
 
When a new capillary was first used, it was rinsed with 1 M NaOH for 30 min, water for 
10 min and then followed by the run buffer for another 10 min. Between two runs, the 
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capillary was rinsed for 0.5 min with 0.1 M NaOH and 1.0 min with water, followed by 2 
min with run buffer, then conditioned under the applied voltage for 2 min with run buffer 
in order to obtain highly reproducible EOF. Run buffer was renewed after several runs. 
Data were collected by CSW software (DataApex Ltd, The Czech Republic). 
 
Table 2-1 Characteristics of bacteria 
             Characteristics 
Bacteria 
Shape Size Charge 
Pseudomonas aeruginosa  Rod 0.5-0.8 µm by 1.5-3.0 µm  Gram-negative 
Edwardsiella tarda Rod 0.5~1.0 µm by 1.0~3.0 µm Gram-negative 
Enteropathogenic escherichia coli Rod 0.5-1.0 µm by1.0-3.0 µm Gram-negative 
 
2.2.4 Bacterial Sample preparation 
 
Bacteria Edwardsiella tarda, Enteropathogenic escherichia coli and Pseudomonas 
aeruginosa were grown in house. Their characteristics are listed in Table 2-1. The starting 
culture colonies of bacteria were transferred from the solid agar plate (TSA, 4g/100mL) 
to Tryptic Soy Broth (TSB, 3g/100mL) and cultivated 12 hrs for Enteropathogenic 
escherichia coli and Pseudomonas aeruginosa at 37oC, Edwardsiella tarda at 25oC.  
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1 mL solution of each kind of bacteria was pelleted for 5 min using a centrifuge (Hettich 
EBA 8s, Hai-ou company(s) Pte Ltd, Singapore) at 5000 rpm. The supernatant was 
removed and the sediment was suspended in run buffer. Then, the sample vial was 
vortexed (Votex-2 Genie, Scientific industries, NY, USA) for 1 min and suspension 
solution of bacteria was centrifuged again. This process was repeated once. Finally, 
washed cells were resuspended in 1 mL of run buffer and vortexed for another 1 min and 
kept for subsequent CE analysis. Cell concentrations were determined from the optical 
density of the solution at 600 nm with a UV/Visible spectrophotometer (UV-1061, 
UV-Visible Spectrophotometer, Shimadzu) after having been cultured for12 hrs. For 
quantitative analysis, viable plate counting method for measurement of cell concentration 
was used. In different growth phases, surface characteristics of bacteria are different 
which may lead to different mobilities [145]. Also, long time storage of bacteria might 
result in unwanted peaks and altered mobilities because of the cell aggregation and lysis. 
Therefore, fresh bacteria were cultured daily and used for subsequent bacteria 
pretreatment and CE analysis to overcome those undesired factors.
 
2.2.5 Fluorescent labeling with SYTO 13 dye 
 
For the analysis of bacteria part with fluorescence detection, SYTO 13 (green fluorescent 
nucleic acid stain) was used as the fluorescent labeling dye. This cell-permeable, visible 
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light-excitable dye with extremely low intrinsic fluorescence stains RNA and DNA in 
cells and shows a large fluorescence enhancement upon binding nucleic acid. Generally, 
SYTO 13 labels all bacteria in a population. In the present work, bacteria sample 
solutions after washing were mixed and diluted with run buffer, after that certain amount 
of stock SYTO 13 (1mM) dye was added into the diluted bacteria sample solution. Final 
working concentration of SYTO 13 dye is 2 μM. Then it was vortexed gently and kept in 
the dark for at least 25 min [146].  






















Figure 2-4 Correlation of Log [fluorescence intensity] versus staining time. 
 
Fluorescence intensity was correlated with the staining time as shown in Figure 2-4 that 
the fluorescence intensity of the labeled bacteria increased with time. After staining of 25 
minutes in the dark, the fluorescence intensity tends to level off.  
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2.3 Results and discussion 
 
2.3.1 Basic theory 
 
Bacteria can be characterized as colloidal particles based on their sizes. In aqueous 
solution, the charged surface of bacteria will develop a solvation sphere, in which dipolar 
water molecules and oppositely charged ions accumulate near the charged surface of 
bacteria, forming the electrical double layer. The potential across the surface of the 
double layer is referred to as the zeta potential (ζ ). The entire diameter of bacteria is 
composed of the diameter of the bacterial cell itself as well as the thickness of the 
solvation sphere. Hence, the thickness of the double layer (1/κ) contributes to the 
electrophoretic mobility of bacteria which is a function of ionic strength of the solution 
[147]. 
                    Ik /314.0/1 =                       (2-1) 
where I is the ionic strength of the solution. 
 
Electrophoretic mobility (μ) is related to ζ by 
                  ( )[ ] ( )kafηζεμ 5.1/=                      (2-2) 
where ε  is the dielectric constant of the solution, η  is the solution viscosity, and a is 
the core radius of the particle. The value of f(kα) varies between 1 and 1.5 as kα varies 
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between zero and infinity [40]. Bacteria have a relatively large size in the range of several 
μm and makes f(kα) very large. When the double layer was considered to be a flat plane 
(Smoluchowsky model), the above relationship can be simplified to  
                     ( )ηζεμ /=                             (2-3) 
In this case, it is possible to assume that electrophoretic mobility of bacteria, in a constant 
electrical field, is dependent primarily on the ionic strength of the surrounding solution. 
The above equation can also describe the mobility of the electroosmotic flow in capillary 
electrophoresis. The deprotonation or protonation of the outer surface of biological 
entities is dictated by the pH of the surrounding solution. Therefore, altering the pH can 
also affect the electrophoretic mobility of microbes [147]. 
 
2.3.2 Electrophoretic behavior study of bacteria by CE methods 
 
2.3.2.1 Effect of bacterial sample pretreatment 
 
As described in the introduction section, self-aggregation of cells in an aqueous matrix is 
a common phenomenon that must be understood and controlled in the analysis of bacteria 
[136]. Cluster formation of bacterial cells can affect electrophoretic mobilities of 
bacterial cells as the charge-to-size ratio varies. Also, bacterial cells tend to precipitate 
and aggregate because of gravity effect on the cells themselves which may also cause 
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irreproducible electrophoretic mobilities of bacterial cells. Currently, vortexing and 
sonication are the most commonly employed ways for bacterial sample pretreatment. 
Different bacteria may have different association strength among cells which means that 
pretreatment of bacteria cannot be transferable. Therefore, it is essential to understand the 





Figure 2-5 Effect of sonication on CE profiles of Pseudomonas aeruginosa. Buffer: 25 
mM TB (25 mM Tris and 25 mM Boric acid), 0.1 mM EDTA, 0.025% PEO at pH 8.4 and 
high voltage 15 kV; Injection pressure, 30 mbar; Injection time, 15s; Sonication time, A)0; 
B)60s; Detection wavelength, 214nm; Cell concentration, 5×107cells mL-1. Sonication 
was performed right before CE injection.  
 
Figure 2-5 shows the effect of sonication on CE profiles of Pseudomonas aeruginosa. 
Without sample pretreatment, presence of irregular clusters of Pseudomonas aeruginosa 
cells ranging from single cells to several clusters was observed as in Figure 2-5A. 
Besides, it was found that vortexing for Pseudomonas aeruginosa did not work which 
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indicates that Pseudomonas aeruginosa has a strong association strength among cells and 
that sonication which can provide high energy may work to disperse cell clusters. As 
anticipated, when sonication was applied to sample solutions of Pseudomonas 
aeruginosa for 60s, multiple peaks corresponding to clusters of cells disappeared and a 
single yet higher peak corresponding to individual cells was observed (Figure 2-5B). 
Upon brief sonication, the clusters are dissipated and all individual cells migrate freely 
through the capillary in the same manner. Consequently, peak intensity increases 
accordingly since amounts of individual cells increased after dissipation. The same 
phenomenon was observed for bacteria Enteropathogenic escherichia coli (Data not 
showed). However, one potential problem for this kind of pretreatment is that cells may 
be damaged and broken during sonication due to the applied high energy which may lead 
to poor precision for quantitative analysis. Therefore, a critically controlled sonication 
time is highly recommended for bacteria having strong association strength among cells.  
 
Unlike Pseudomonas aeruginosa and Enteropathogenic escherichia coli, Edwardsiella 
tarda has relatively weak association strength among cells. Figure 2-6A clearly shows the 
presence of irregular clusters of cells ranging from single cells to several clusters. After 
the aggregated bacteria sample solution was vortexed for 90 s, most of the peaks 
corresponding to clusters of cells disappeared and a single higher peak corresponding to 
single cells was observed. (Figure 2-6B) The above results found are in agreement with 
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the one obtained by Armstrong et al. [136]. 
 
Edwardsiella tarda 
Figure 2-6 Effect of sample preparation on CE profiles of Edwardsiella tarda with 
fluorescence detection. (A)no vortexing; (B) votexing 90s. Run buffer: 0.025% PEO in 
3.94 mM Tris/0.56 mM Boric acid/0.013 mM EDTA, pH 10.5; applied voltage, 10 kV; 
Hydrodynamic injection, 15 s at 10 cm height difference; Bacteria sample was stained 
with dye SYTO 13 before injection.  
 
2.3.2.2 Effect of ionic strength on electrophoretic mobilities of bacteria 
 
As described in section 2.3.1, the mobility of bacteria is influenced by both pH and ionic 
strength of the background electrolyte as the charges result from partially ionized weak 
acids or bases on the surface of bacteria [147]. In this section, the effect of buffer 
concentration on mobility of bacteria will be studied. Previous studies described CE 
separations of mixtures of bacteria mainly with extremely low buffer concentration in 
case of cell bursting and increase of noise [137]. However, bacteria sample adsorption on 
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the capillary wall and electrodispersion at low buffer concentration may occur. Moreover, 
reproducibility is also a potential problem under such low buffer concentrations. 
Compared with the buffer concentrations used in previous papers [137, 148], the buffer 








Figure 2-7 Electropherograms of Pseudomonas aeruginosa at different buffer 
concentrations. Buffer: 0.1 mM EDTA, 0.025% PEO at pH 8.4 with buffer TB A) 25 mM; 
B) 50 mM; C) 100 mM; D) 150 mM. Sonication was performed for 60s before CE 
injection. Other conditions as in Figure 2-5. 
 
Figure 2-7 displays the typical electropherogram of Pseudomonas aeruginosa under 
different buffer concentrations. It can be seen that bar-like and single peak for 
Pseudomonas aeruginosa at each concentration was obtained. Importantly, no extra 
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significant noise probably due to cell decomposition at high buffer concentration was 
observed for Pseudomonas aeruginosa. The results showed that such high buffer 
concentration (25 mM~150 mM) could be also used for analysis of bacteria. Apart from 
this, with the increase of buffer concentration, migration time for Pseudomonas 
aeruginosa increases which is mainly caused by the reduced EOF. But, the ionic strength 
of buffer also contributes to the prolonged migration time because electrophoretic 
mobility of bacteria is affected due to the increased ionic strength of the buffer. As 
calculated, the ionic strength of buffer varies from 12.8 mM to 75.3 mM when TB buffer 
concentration ranges from 25-150 mM. 









5.5  Effective mobility of Pseudomonas aeruginosa
 Mobility of EOF


















Figure 2-8 Effect of buffer concentration on mobilities of EOF and Pseudomonas 
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Figure 2-8 depicts the effect of buffer concentration on apparent mobility of 
Pseudomonas aeruginosa, mobility of EOF and electrophoretic mobility of Pseudomonas 
aeruginosa. Mobility of EOF decreases as buffer concentration increases while 
electrophoretic mobility ( eoappep μμμ += ) of Pseudomonas aeruginosa increased at 
the initial concentration range (from 25 mM to 50 mM) and then dropped when buffer 
concentration was further increased. As measured, the electrophoretic mobilities did not 
differ much in the range of 25 mM to 150 mM. Mobilities only decreased by around 10 
%. The result indicates that the zeta potential on the surface of Pseudomonas aeruginosa 
is not influenced too much and most likely, the pH of the buffer governs the 
electrophoretic mobility of Pseudomonas aeruginosa. 
 
2.3.2.3 Separation of bacteria with UV and fluorescence detection 
 
Optimum separation conditions may vary for different bacterial mixtures. Therefore, a 
compromise in experimental conditions sometimes must be made in order to achieve the 
desired separation for mixtures of bacteria. In this study, apparent mobilities of 
Enteropathogenic escherichia coli and Pseudomonas aeruginosa were examined at 
different buffer concentrations with UV detection.  
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Figure 2-9 Effect of buffer concentrations on apparent mobilities of Pseudomonas 
aeruginosa and Enteropathogenic escherichia coli. Other conditions as in Figure 2-7 
 
EOF 
Enteropathogenic escherichia coli Pseudomonas aeruginosa 
Figure 2-10 Optimized separation of Pseudomonas aeruginosa and Enteropathogenic 
escherichia coli by CE with UV detection. Buffer: 25 mM TB, 0.1 mM EDTA, 0.025% 
PEO at pH 8.4; Cell concentrations of both bacteria in mixture, 2.5×107cells/mL. 
Bacterial sample solution was sonicated for 60s before injection. A) Pseudomonas 
aeruginosa, B) Enteropathogenic escherichia coli, C) Mixture 
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As shown in Figure 2-9, apparent mobilities of both bacteria decreased with increasing of 
buffer concentration. The best separation of these two bacteria with UV detection was 
performed in the run buffer containing 25 mM TB, 0.1 mM EDTA and 0.025% PEO at 
pH value 8.4 and at high voltage 15 kV (Figure 2-10). 
 
However, the migration times for both bacteria in mixture shifted slightly compared with 
individual electropherogram of each of the bacteria. This could be mainly due to their 
cross interaction during separation. Also, the variation in capillary environment caused by 
the presence of these two different populations of bacteria at different points in the 
capillary may contribute to the slightly changed migration times. Nevertheless, the results 
showed good separation and reproducibility with RSDs 2.6 % for Pseudomonas 
aeruginosa and 1.9% for Enteropathogenic escherichia coli in migration time (n=4).  
 
We also separated another mixture of Edwardsiella tarda and Pseudomonas aeruginosa 
in less than 7 min under optimized condition with fluorescence detection (Figure 2-11). 
Separation was performed in the run buffer consisting of 3.94 mM Tris, 0.56 mM boric 
acid, 0.013 mM EDTA, 0.025% PEO, pH 9.0 at 10 kV. RSD (n=4) in migration time was 
0.96% and 2.92% for Edwardsiella tarda and Pseudomonas aeruginosa respectively.  
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Edwardsiella tarda Pseudomonas aeruginosa 
Figure 2-11 Optimized separation of Edwardsiella tarda and Pseudomonas aeruginosa 
with blue light-emitting diode induced fluorescence detection. Buffer: 3.94 mM Tris, 0.56 
mM boric acid, 0.013 mM EDTA, 0.025% PEO at pH 9.0; Both bacteria were stained 
separately and mixed at once after 90s vortexing for Edwardsiella tarda and 60s 
sonication for Pseudomonas aeruginosa. Cell concentrations of both bacteria in mixture 
(cells/mL), 1.0×107 and 2.5×107 for Edwardsiella tarda and Pseudomonas aeruginosa. A) 
Edwardsiella tarda, B)Pseudomonas aeruginosa, C) Mixture. 
 
Differing from the first separation, this separation was carried out at low buffer 
concentration. All above results showed that separation of mixtures of bacteria can be 
both carried out in low and high buffer concentration as demonstrated in the study. Based 
on the results by fluorescence and UV detection, a comparison of limit of detection (LOD) 
of Pseudomonas aeruginosa was made. According to the signal to noise ratio (S/N=3), 
the LOD was 1.1×105 cells/mL and 0.9×106 cells/mL for fluorescence and UV detection 
respectively. Sensitivity was improved 8.5 folds using fluorescence detection with home 
made system compared to UV detection. Although the sensitivity improvement was not 
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that significant, comparing results showed fluorescence detection was a good choice to 
increase sensitivity and sensitivity improvement would be much more remarkable if the 
laser was used as the excitation source. 
 
2.3.3 Determination of pathogenic bacteria (Edwardsiella tarda) in fish species by 
capillary electrophoresis with blue LED induced fluorescence 
 
Edwardsiella tarda, a gram-negative bacterium of the Enterobacteriaceae family, is a 
pathogen that causes haemorrhagic septicemia in fish, leading to extensive losses in both 
freshwater and marine aquaculture [149]. The wide host range of Edwardsiella tarda 
includes commercially important fish as well as human beings. In this section, a method 
based on capillary electrophoresis with blue LED induced fluorescence detection system 
was developed and successfully applied to rapidly identify and determine the pathogen 
(Edwardsiella tarda) by direct injection of fish fluids without pretreatment. Those factors, 
such as pH, ionic strength, bacteria sample pretreatment which affect electrophoretic 
behavior of Edwardsiella tarda were also examined. 
 
2.3.3.1 Effect of pH on EOF and bacteria migration behavior 
 
Studies on cell electrophoretic mobility under various pH conditions provide some 
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information about the character of surface chemical groups [150, 151]. It appears to be 
useful when processes such as adsorption or flocculation are taken into account. What is 
more, different charges and sizes of bacteria would facilitate their separation. Surface 
charges of microbes depend on the ionizable functional groups on the microbe’s outer 
surfaces. Altering the pH of the buffer can affect the electrophoretic mobility of microbes 
according to the electrical double layer theory [152]. Usually, the pH was adjusted to the 
value above the pI of surface constituents of cells. In this case, ionizable functional 
groups on the microbe surface such as carboxyl, phosphate, sulfinate, etc., with different 
pK values, were mostly deprotonated. Therefore, the microbes became more uniformly 
negatively charged resulting in a decreased mass to charge distribution and more uniform 
electrophoretic mobility for the microbes. Edwardsiella tarda has negatively charged 
surfaces, its migration is directed towards the anode.  
 
Figure 2-12 shows electrophoretic behavior of Edwardsiella tarda cells at different pH 
values. Edwardsiella tarda cells tend to elute together with the EOF at pH 8 (Figure 
2-12A). This is due to the reason that this pH value was below the pI of most surface 
functional ionizable groups, and thus bacteria could not be separated from the EOF due to 
insufficient charges of the cells. When the pH was adjusted to 9, a broad peak and a 
single sharp peak were observed (Figure2-12 B). The broad peak corresponding to the 
damaged or lysed cells which have altered mobilities eluted right after the EOF. The 
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sharp, intense peak corresponds to focused single living cells migrating during 
electrophoresis. However, a number of small peaks between the broad peak and sharp 
peak were also observed. Incomplete deprotonation of surface functional groups and low 
ionic strength may contribute to this phenomenon. In this case, the surface of cells did not 
carry uniformly negatively charges leading to different mass to charge ratio. Another 
possible reason is that adsorption happened during electrophoresis because of low ionic 
strength. Similar results were also observed at pH 10 (Figure 2-12 C). When the pH was 
adjusted to 10.5 and 11.0, better results were achieved (Figure 2-12 D and E). 
 
Figure 2-12 Investigation of CE profiles of Edwardsiella tarda at different pH values 
with fluorescence detection. pH values: (A) 8.0, (B) 9.0, (C) 10.0, (D) 10.5, (E)11.0. Run 
buffer: 0.025% PEO in 3.94 mM Tris/0.56 mM Boric acid/0.013 mM EDTA; Applied 
voltage, 10kV; Hydrodynamic injection, 15s at 10 cm height difference; Cell 
concentration, 2×107 cells/mL. 
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Increasing the pH has two beneficial effects. One is to completely deprotonate those 
ionizable functional groups and to generate uniform negative charges on the surface of 
cells, another is that the ionic strength was increased by adding NaOH when adjusting pH. 
A higher ionic strength of the buffer may diminish the bacterial sample adsorption to the 
capillary wall and electrodispersion. Note that bacteria cells were easy to be lysed at high 
pH values. Considering this reason, pH 10.5 was chosen for the analysis of Edwardsiella 
tarda in this study. Figure 2-13 shows the effect of pH on mobilities of EOF and 
Edwardsiella tarda. With the optimized conditions, EOF marker, damaged or lysed cells 
and intact cells were well separated (Figure 2-14). RSD in migration time for intact cells 
was found to be 4.40% (n=4). 
































Figure 2-13 Effect of pH values on EOF and mobility of Edwardsiella tarda. pH values: 
8.0, 9.0, 10.0, 10.5,11.0. Other conditions as in Figure 2-12. 
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Figure 2-14 Optimized separation of EOF marker, damaged or lysed cells and intact cells. 
Peaks: 1) EOF marker; 2) Damaged or lysed cells; 3) Intact cells. Run buffer: 0.025% 
PEO in 3.94 mM Tris/0.56 mM Boric acid/0.013 mM EDTA; pH, 10.5; Applied voltage, 
10kV; Hydrodynamic injection, 15s at 10 cm height difference. 
 
 
2.3.3.2 Quantitative analysis 
 
Previous studies have demonstrated that CE methods could be utilized to rapidly separate, 
identify and quantitate bacteria [132-136]. Hence, the direct and rapid quantitation of 
cells in a real sample became possible. In this work, relationship between the detected 
fluorescence peak areas and different cell concentrations was investigated. 
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Figure 2-15 Correlation between fluorescence and cell concentrations. Cell 
concentrations (cells/mL): 0.25×107, 0.50×107, 1.0×107, 2.0×107. Other conditions as in 
Figure 2-14. 
 
Figure 2-15 shows a good linear relationship of Edwardsiella tarda bacteria between 
2.5×106~2×107 cells/mL with linearity equation Y=14.3X-2.42, R2=0.9985. The LOD 
with the developed CE blue-LED induced fluorescence detection system was found to be 
4.2×104 cells/mL. 
 
2.3.3.3 Fish fluids analysis after direct injection of bacteria 
 
Since the CE peak area can be directly correlated to the cell concentrations, the direct and 
rapid quantitation of bacteria in a real sample can be done. The proposed method in this 
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study was used to identify and determine bacteria (Edwardsiella tarda) in fish body fluid. 
10 mL body fluid was collected from fish. The upper layer sample solution was obtained 
by centrifuging original fish body fluid at 8000 rpm for 10 min. The collected sample 




Figure 2-16 Electropherograms of fish fluid sample spiked with Edwardsiella tarda. 
A) Blank, 10 fold diluted fish fluid with run buffer, B). Diluted fish fluid spiked with 
Edwardsiella tarda cells. Final concentration of spiked bacteria in diluted fish fluid was 
4.0×106 cells/mL. Other conditions as in Figure 2-14.  
 
First of all, the background of diluted fish fluids was investigated with the proposed CE 
method. Stain procedures are the same as described in “Materials and Methods” section. 
Figure 2-16A shows electropherogram of fish fluids diluted 10-fold with run buffer. 
Several small sharp peaks were observed. It was believed that there must be some 
unknown bacteria existing in the fish fluids corresponding to the observed peaks after 
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staining. In order to demonstrate the feasibility of this method in real sample analysis, a 
100 μL Edwardsiella tarda sample solution (~2.0×107 cells/mL) was directly spiked into 
400μL diluted fish fluids. The final concentration of Edwardsiella tarda in diluted fish 
fluids was around 4.0×106 cells/mL. Figure 2-16B shows a typical electropherogram of 
spiked fish fluids. In this case, the pathogen (Edwardsiella tarda) which existed in fish 
fluids could be separated from unknown bacteria cells, and damaged or lysed cells. It was 
found that the migration time of Edwardsiella tarda shifted slightly with the sample 
matrix. Complex components in fish fluid such as protein, blood cell and inorganic salt 
interfering with focusing of bacteria cells during electrophoresis may explain the slight 
variation (From 5.87 min to 5.62 min) in migration time. Also, the fish fluid matrix may 
cause small changes of EOF. Similar results were obtained by Armstrong et al. [23]. The 
recovery of spiked bacteria was found to be 70% according to the linearity equation. One 
possible reason for the relatively poor recovery is that the fish fluid matrix may quench 
the induced fluorescence or cause cell lysis easily. Nevertheless, the proposed method 
may still provide a new way to rapidly monitor, identify and even determine the pathogen 
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2.4 Conclusions 
 
Proper sample pretreatment for bacteria was necessary to obtain good peak shape and 
single peaks corresponding to individual dispersed cells of each kind of bacteria. For 
different bacteria, the way to disperse the cell aggregation may be different. Also, it was 
demonstrated that relatively higher buffer concentrations (up to 150 mM) can be used for 
the analysis of bacteria (Pseudomonas aeruginosa) without extra significant increase of 
noise. Apart from this, the ionic strength of the run buffer was found to affect the 
electrophoretic mobility of bacteria. With optimized conditions, mixtures of bacteria were 
well separated with good reproducibility with UV and fluorescence detection. Finally, a 
pathogen (Edwardsiella tarda) which causes fish disease was rapidly separated, identified 
and determined in fish fluid after direct injection under the optimized conditions by CE 
blue LED-induced-fluorescence method. Although the sensitivity of the proposed CE 
methods is lower compared to traditional methods, they still provide an interesting 
alternative tool for rapid identification and separation of bacteria for potential 
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Chapter 3 Analysis of DNA by capillary electrophoresis with 
laser induced fluorescence detection 
 
Capillary electrophoresis (CE) has been utilized in molecular biology as an alternative 
to slab-gel electrophoresis for DNA separation and it has provided an opportunity to 
greatly increase throughput for the Human Genome and other sequencing projects. In 
this Chapter, the development of an entangled polymer CE method using 
poly(vinylpyrrolidone) as sieving matrix as well as its application in mutated DNA 




CE offers high throughput and high resolution, automatic operation and on-line 
detection with automatic data acquisition, and this has stimulated its particular 
application to the analysis of DNA in genetic analysis and medical diagnosis 
[153-155]. Traditionally, DNA separation was carried out on slab gel electrophoresis 
(SGE). In traditional slab-gel electrophoresis, the gel has two functions: it serves as an 
anticonvective medium, as well as sieving matrix that provides separation. However, 
it is inferior to modern CE with regard to resolution, speed, sensitivity and automation. 
In earlier days, a cross-linked polyacrylamide gel was usually employed in CE as the 
sieving matrix to support the size-dependent separation mechanism known as 
capillary gel electrophoresis (CGE) which has been demonstrated to be a powerful 
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analytical technique for DNA sequencing and DNA fragment analysis [156-158]. 
However difficulties in preparing a capillary gel column, such as the formation of 
bubbles, column-to-column reproducibility and the limitation on magnitude and 
duration of the applied high voltage, had bottlenecked its further development for 
DNA separations.  
 
In recent years, capillary electrophoresis with entangled polymer solution has been 
widely used for the analysis of various DNA fragments from synthetic oligonucleotide 
preparations, PCR products and more recently, for DNA sequencing [159]. For 
separating DNA in CE, a number of natural and synthetic polymers have been used so 
far. Natural polymers employed included modified polysaccharides [160], and various 
cellulose derivatives such as methyl cellulose (MC) [161-162], hydroxyethyl cellulose 
(HEC) [163-164], hydroxypropyl cellulose (HPC) [165], and hydroxypropyl methyl 
cellulose (HPMC) [166-167]. As for synthetic polymers, linear polyacrylamide (LPA) 
[168], poly(N,N-dimethylacrylamide) (PDMA) [169], as well as poly(ethylene 
oxide)(PEO) [170-172] or poly(vinylpyrrolidone) (PVP) [173-174] have been most 
widely employed. Among them, PEO, PDMA and PVP exhibit dynamic coating 
ability. The great advantage of polymer solutions over gel-filled capillaries is the 
possibility to replace the polymer solution between each analysis. This improves the 
reproducibility of separation and increases the capillary lifetimes.  
 
Entangled polymer solutions are routinely used for the analysis of various DNA 
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fragments, PCR products and DNA sequencing [175-179]. Sieving behavior in 
entangled polymer solutions arises from formation of a dynamic pore system as 
polymer chains interact and thus DNA fragments are resolved based on their sizes. 
However, it was reported that in ultra dilute polymer solution, DNA fragments 
separation could also be observed far below the entanglement threshold [180-181]. 
This indicates that transient coupling alters the frictional characteristics of the DNA 
molecule and enables size-based separation under conditions where entangled 
networks are absent. Apart from these homopolymers, some other copolymers 
including random copolymers, block copolymers and graft copolymers have been 
developed and examined as DNA separation media [182-184]. For instance, Wu et al. 
have evaluated a PEO-PEO-PEO triblock polymer as a replaceable sieving medium 
for the separation of DNA restriction fragments from 89 to 1560 bp [182]. Recently, 
non-crosslinked interpenetrating polymer networks (IPNs) were used for the dsDNA 
analysis [185-186]. These kinds of networks can dramatically increase the 
entanglements between polymers resulting in a stabilized network with small pore 
size which is favorable for the separation of short DNA fragments. Besides, polymers 
together with nanoparticles have been presented for the separation of dsDNA 
fragments [187, 188]. Huang et al. [187] have employed PEO solution containing 
gold nanoparticles (GNP) for the separation of dsDNA fragments and demonstrated 
that PEO (GNP) provides greater resolving power, a wider separation range and 
rapidity. Moreover, separation of long DNA molecules has been demonstrated by 
quartz nanopillar chips under a direct current electric field. In the study, the size of 
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pillars and spacing between pillars are designed as a DNA sieving matrix for optimal 
analysis of large DNA fragments over a few kilobase pairs (kbp) [189]. The great 
advantage of this nanopillar approach is its capability to modify “defined” space at 
will, allowing for highly efficient DNA separations. Apart from this, microchip-based 
CE systems for separation of DNA fragments have enjoyed impressive advancement 
in the past few years [190-192]. 
 
Although separation performance of the polymer solutions in CE analysis of DNA is 
of major concern, seeking for low-viscosity polymer s olutions with high sieving 
ability remains an important issue for high throughput analysis. The more viscous the 
polymer solution is, the more difficult it is to be replaced. Hence, it is preferable to 
use a less viscous polymer sieving matrix if the separation performance can still be 
maintained [166-167, 187]. In this Chapter, polymer PVP with high molecular weight 
(Mr=1,300,000) will be investigated for the separation of wide size range DNA 
fragments. In the mean time, separation performance of several commonly used 
polymers with regard to separation speed, resolution and efficiency will be examined. 
Finally, PCR products from Enterohemorrhagic escherichia coli (EHEC) bacteria will 
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A laboratory setup capillary electrophoresis system with laser induced detection 
system was used for the CE separation. Briefly, a high-voltage power supply (CE 
Resources Pte Ltd, Singapore) was used to drive electrophoresis. A fluorescence 
detector (Picometrics, France) was used for fluorescence detection. And a diode 
pulsed solid state laser (DPSSL) with 473 nm output from CNI (Dalian, China) was 
employed as an excitation source. The laser beam was introduced by an optical fiber 
to the fluorescence detector. DPSSL has several advantages over traditional Argon or 
other gas lasers, such as smaller size, better stability and higher output power. Data 




2-(4-morpholino)ethanesulfonic acid (MES), tris (hydroxymethylamino)methane 
(TRIS), hydroxypropylmethylcellulose (HPMC), polyvinyl alcohol (PVA), 
hydroxypropyl cellulose (HPC) and poly (vinylpyrrolidone) (PVP) were purchased 
from Aldrich (Milwaukee, WI, USA) and hydroxyethylcellulose (HEC) was from 
Fluka (Buchs, Switzerland). An intercalating fluorescent dye, YO-PRO-1 was 
purchased from Molecular Probes (Eugene OR, USA). ΦX 174 HaeIII Digest (706 
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μg/mL with 11 fragments) was from Sigma (St. Louis, MO, USA), and 2-log DNA 
ladder (1000 μg/mL with 20 fragments) was purchased from Research Biolab 
(Research Biolab Pte Ltd, Singapore). PCR products from bacteria EHEC gene was 
provided by the Department of Biological Science (DBS, NUS, Singapore). 
 
3.2.3 Capillary coating 
 
2 gram PVA was added to 20 mL deionized water giving a PVA concentration of 10% 
(w/v). The heterogeneous mixture was stirred at 100°C to facilitate the dissolution 
process. After that, polymer solution was degassed in an ultrasonic tank for 30 min 
and a transparent polymer solution was obtained. Polymer solutions were stored in a 
refrigerator at 4°C, and were usable for at least one week. 
 
Before PVA coating, about 2 m of a new fused silica capillary (Polymicro 
Technologies Inc., Phoenix., AZ, USA) was treated with 1 M NaOH, H O, 1 M HCl 
and H O for 30 min, 10 min, 30 min and 10 min respectively in sequence. This is to 
condition and activate the capillary wall. After that, the capillary was connected with 
a specially designed device and 10% PVA polymer solution was forced through the 
capillary under a nitrogen pressure of 40 psi. After the capillary has been completely 
filled, the coating solution was discharged under the same nitrogen pressure. During 
the procedure, a segment of around 10 cm from the nitrogen gas inlet of the capillary 
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The final immobilization of the PVA coating was achieved by heating the capillary to 
140°C under a gentle flow of nitrogen gas for several hours [193]. 
 
3.2.4 Viscosity measurement 
 
A Ubbelohde viscometer (Poulten Selfe & Lee Ltd, Wickford, Essex, England) was 
employed for viscosity measurement of all polymer solutions with different 
concentrations prepared with 40/20 mM MES/TRIS buffer. All the polymers were 
dissolved and degassed completely before measurement. Differences in densities of 
polymer solutions were corrected in the calculations. Duplicate experiments were 
carried out to verify the data and averages of the duplicate results were used to plot 
the curves of viscosity against polymer concentration. 
 
3.2.5 CE performance 
 
CE separations were performed on a capillary coated with PVA. The total length of 
capillary was 52 cm (effective length of 40 cm) with i.d. of 50 μm and o.d. of 363 μm. 
Capillary and anode reservoir were filled with run buffer (MES/TRIS) with the 
desired polymer containing 1 μM fluorescence dye YO-PRO-1. The cathode reservoir 
did not contain any dye since YO-PRO-1 molecules with positive charge migrate from 
anode to cathode. Before injection, the capillary column was rinsed with run buffer 
for 3 min and then equilibrated for 2 min under -10 kV separation voltage. 
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Electrokinetic injection of DNA sample was carried out for 5 s at the cathode (-10 kV). 
Right after injection, the injection end of the capillary and the cathode electrode were 
cleaned at once with wet tissue and immersed to cathode reservoir followed by 
applying -10 kV separation voltage. Between two runs, the capillary was rinsed with 
water first for 1 min and then with run buffer for another 2 min. 
 
3.2.6 PCR products from bacteria EHEC gene 
 
Total genomic DNA was isolated from Enterohemorrhagic escherichia coli (EHEC) 
bacteria cells. Designed primers and Taq DNA ploymerase enzyme (Promega, 
Madison, WI) were used for the polymerase chain reaction (PCR). The 30 circles PCR 
reaction was performed as follows: denaturation at 92°C for 30 s; annealing at 52°C 
for 30s; primer extension at 72°C for 90 s; and a final extension step at 72°C for 10 
min. The PCR products were purified using QIAquick Spin Columns (Qiagen, 
Valencia, CA) prior to CE analysis. 
 
3.3 Results and discussion 
 
3.3.1 Mechanism of DNA movement in entangled polymer solutions 
 
The mechanism of DNA movement in a porous matrix under the influence of an 
electric field has been studied in detail. In the earliest model, the so-called Ogston 
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model [194-195], the gel is assumed to act as sieve with a distribution of pore sizes 
and the separation is regarded as a kind of filtration, driven by the electric field. This 
leads to a mobility μ  proportional to exp(-conc.): 
[ ]cK R−= exp/ 0μμ                      (3-1) 
Where 0μ  is the mobility in free solution,  is the so-called retardation 
coefficient (proportional to  with 
RK
( 2rRD + ) r  being the radius of the gel fibers and 
DR  the radius of gyration of the DNA molecule).  
 
The Ogston model is not valid for the situation when DNA molecules are larger than 
the pores of gel, and a number of models based on the so-called reptation concept 
were developed for this case. In such models, the DNA chain is assumed to thread its 
way through a “tube” defined by the matrix. One of the models to which experimental 
data fit best is the “biased reptation with fluctuations” (BRF) model [196], which is an 
improvement of the original “biased reptation model” (BRM) [197]. The BRF has 
recently been improved further by Viovy [198], taking into account the 
electrohydrodynamic forces acting on the whole section of DNA in a pore. Very 
briefly, in the BRF, two different cases are considered: first, when the pore size ζ of 
the matrix is larger than the Kuhn length bD of DNA (ζk=ζ/bD>1) and second, when 
pore size is smaller (ζk<1). The Kuhn length is a natural parameter and a measure for 
the flexibility of a polymer. In the first case, the model predicts for small DNA (below 
the critical length ): *kN
kN3/1~/ 0μμ                     (3-2a) *kk NN <
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and 
kεμμ ~/ 0                        (3-2b) *kk NN >
 
For larger DNA (above the critical length) with  being the curvelinear length of 
the DNA normalized to the Kuhn length and 
kN
kε  being the so-called “scaled electric 
field”. Equation 3-2 gives the well-known behavior described by all repation models: 
For small molecules, the mobility is inversely proportional to the DNA size(“reptation 
without orientation”), but for large DNA, the mobility becomes independent of size 
(plateau mobility) and separation fails (“reptation with orientation”). 
 
Experimental observations of dsDNA and ssDNA separations in entangled polymer 
solutions reveal that BRF can indeed correctly predict the major observations in DNA 
electrophoresis, i.e., a separation inversely proportional to the size and a plateau 
mobility above a critical size. Polymer solutions differ from gels in that the physical 
entanglements between chains have a finite lifetime and the dynamics of the matrix 
itself has to be taken into account. The influence of network dynamics on size-based 
electrophoretic separations has been studied in detail by Cottet et al. [199]. Estimating 
the reptation time of the matrix polymer, they found that there exists a threshold value 
below which the electrophoretic mobility of the analyte is influenced by the polymer 
motion. Above this value the polymer reptation ceases to be a parameter influnencing 
the separation and mobility vs. size plots for different matrix chain lengths or different 
concentrations will fall onto the same curve. 
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3.3.2 Effect of YO-PRO-1 on the separation of DNA fragments 
 
Intercalating reagents as additives to polymer network form complexes with DNA and 
these additives are employed to alter selectivity and improve detection [200-201]. 
YO-PRO-1 is an intercalating agent that inserts between base pairs of the DNA 
double helix. Since the reagent is cationic, the mobility of DNA/YO-PRO-1 complex 
decreases due to the reduction of net charge of DNA fragments. As a result, 
charge-to-mass ratio of DNA fragments as well as their mobilities is altered and 
resolution could be improved. Hence, the labeling method is vital since YO-PRO-1 
molecules binding to DNA fragments not only affect mobilities of DNA fragment but 




















Figure 3-1 Effect of YO-PRO-1 dye on DNA separation. Separation buffer: 
80mM/40mM MES/TRIS and 2% PVP. A) Anode reservoir contains 1 μM YO-PRO-1 
and cathode reservoir and capillary were filled with separation buffer in the absence 
of YO-PRO-1; B) Both anode reservoir and capillary column were filled with 
separation buffer in the presence of 1 μM YO-PRO-1. Applied voltage, -10 kV; 
Injection time, 5s at -10 kV; Stock ΦX 174 HaeIII Digest was diluted to 1.77 μg/mL 
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Figure 3-1 shows the effect of YO-PRO-1 on the resolution of restriction DNA 
fragments. First, YO-PRO-1 dye was only added to the anode reservoir and DNA 
injection was carried out at the cathode at -10 kV (Figure 3-1A). In this case, 
YO-PRO-1 molecules and DNA fragments migrate in opposite directions and come 
across in somewhere of the capillary before reaching the detector window. As shown 
in Figure 3-1A, most of the DNA fragments were well resolved except for the two 
fragments, 271 bp and 281 bp, using the 80/40 mM MES/TRIS buffer with 2% PVP. 
Although mobilities of these two DNA fragments were reduced due to formation of 
DNA/YO-PRO-1 complex, difference in mobilities of these two fragments was not 
significant to permit satisfactory resolution. The separation for 271 bp and 281 bp 
could not be achieved even when higher polymer concentrations were used. To further 
improve resolution particularly for 271 bp and 281 bp, the capillary column was filled 
with run buffer containing 1 μM YO-PRO-1 dye. The anode reservoir buffer still 
contained 1 μM YO-PRO-1 while the cathode reservoir did not. In this case, 
YO-PRO-1 molecules were expected to intercalate into the DNA molecules during 
injection and early part of the electrophoresis process and more YO-PRO-1 molecules 
bind with DNA molecules compared with the first labeling method. As a result, 
mobilities of DNA fragments were dramatically altered. Consequently, 271/281 bp 
fragments were successfully resolved. (Figure 3-1B) Besides, it was also observed 
that migration time became longer due to reduction of net negative charges of all the 
DNA fragments. Despite prolonged separation time, the second labeling way was 
employed since resolution is crucial for DNA analysis. 
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3.3.3 PVP as sieving matrix 
 
Suppression of EOF is important when using polymer networks for the separation of 
DNA fragments. The use of coated capillaries reduces or eliminates the EOF and 
results in the normal order of migration, with smaller fragments migrating out first, 
followed by the larger ones. PVA coating is one of the approaches which can suppress 
the EOF and is stable over a wide pH interval [202]. Recently the use of “self 
coating” polymers such as PVP, PEO and PDMA generated great interest for the 
separation of DNA [169-174]. However, critical control of EOF using these polymers 
is vital to obtain good reproducibility. In the present study, PVA coated capillary 
together with self coating PVP was employed in order to achieve highly suppressed 
EOF. The polymer PVP plays two roles in the system, acting as a sieving matrix for 
the separation of DNA and a dynamical coating material for achieving double 
capillary coating (in addition to PVA). It should be pointed out here that among all the 
water soluble neutral polymers, PVP has excellent water solubility, and has a much 
lower viscosity compared to other polymer solutions with the same concentration and 
molecular weight. The distinctive characteristics of PVP solutions of a very low 
viscosity make capillary filling much easier and it is favorable for genotyping and 
sequencing of DNA [173]. In this work, a PVP polymer with high molecular weight 
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Figure 3-2 (A) Viscosity of PVP (Mr=1,300,000) as a function of concentration in 
40/20 mM MES/TRIS buffer solution. (B) Reduced viscosity of PVP (Mr=1,300,000) 
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Figure 3-2A plots the viscosity of PVP solution as a function of concentration in 
40/20 mM MES/TRIS buffer. The viscosity of PVP solution is very low with 24.2 cP 
for 5% PVP and only 1.3 cP for 0.3%. For comparison, viscosities for other polymers 
were also measured with the same method as described in section 2.4. 2% HPC 
(Mr=100,000) has a viscosity of 10.1 cP and 2% HEC (Mr=250,000), 45.2 cP. The 
advantage of PVP with high molecular weight yet ultra low viscosity is distinctive. 
With such a low viscosity sieving matrix, capillaries can be easily filled and replaced. 
Moreover, due to its good water solubility, homogeneous PVP solutions can be made 
in a short time which is favorable for the fast performance. The critical entangled 
polymer concentration (c*) was estimated from Figure 3-2B based on relationship 
between reduced viscosity and polymer concentration. Reduced viscosity is defined as 
(relative viscosity-1)/concentration [205]. The critical entangled concentration is 
around 0.69% for PVP (Mr = 1,300,000). In dilute concentration, polymer chains are 
considered to be independent with no interaction. Above entanglement concentration 
(c*), the polymer coils begin to interact to form a dynamic network. Below the 
entanglement threshold, the viscosity changes linearly with polymer concentration. At 
the entanglement threshold, the slope of the reduced viscosity vs polymer 
concentration curve increases, signaling the interaction between polymer chains. 
 
3.3.4 Comparison of performance between PVP and other polymers 
 
Although PVP is superior to other polymers in viscosity, we are more concerned 
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about its performance for the separation of DNA fragments in different size ranges. In 
the present study, the performance of several cellulose polymers was compared with 
that of PVP. Among those cellulose polymers, HEC is the typical one which is often 
used for the separation of DNA. 
 
Table 3-1 Comparison between PVP and HECa


























































































aSeparation buffer: 80/40 mM MES/TRIS containing 1 μM YO-PRO-1 dye with 
1%PVP and 1% HEC respectively. ΦX 174 HaeIII Digest was diluted to 1.77 μg/mL; 
Applied voltage, -10 kV; Injection time, 5s at -10 kV. 
 
Table 3-1 compares the performance of both polymers for the separation of ΦX 174 
HaeIII Digest. By comparison, PVP shows better resolution than HEC for long 
fragment sizes of 872bp, 1078 bp and 1353 bp while HEC shows better resolution 
than PVP for short DNA fragments. Despite worse resolution for short DNA 
fragments using PVP, complete resolution of these short fragment sizes was still 
achieved. Importantly, PVP is superior to HEC with respect to separation speed and 
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efficiency. Using 1% PVP, it only took 18.7 min for the longest fragment 1353 bp to 
migrate out while it took 26.9 min using 1% HEC. Migration time (26.9 min) 
increased by 44.1% when 1% HEC was used instead of 1% PVP (18.7 min). 
Moreover, high efficiency with more than 106 theoretical plates was obtained using 
PVP which is much better than that for HEC (Table 3-1).  
 
Apart from HEC, we also examined another two cellulose polymers, HPMC and HPC. 
Similarly, PVP shows better resolution for long DNA fragments (Figure 3-3A) and 
higher efficiencies than HPMC and HPC (Figure 3-3B). Although HPMC have merit 
in resolution for short DNA fragments (Figure 3-3A), efficiency for long DNA 
fragment using HPMC dropped dramatically (Figure 3-3B). In addition, viscosity for 
HPMC (Mr=120,000, 100,000 cP for 2% in H2O) is rather high which makes it 
difficult to refresh the capillary. As for HPC, despite its relative low viscosity (10 cP 
for 2% HPC), its performance for separation of DNA is rather poor which is reflected 
by relatively poor resolution as well as separation efficiency (Figure 3A-B). Based on 
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Figure 3-3 Effect of different polymers on (A) resolution, (B) efficiency. Buffer: 
40/20 mM MES/Tris with polymer concentration, 1% PVP, 1% HPC and 0.3 % 
HPMC respectively. Both anode reservoir and capillary column were filled with 
separation buffer in the presence of 1 μM YO-PRO-1. Applied voltage, -10 kV; 
Injection time, 5s at -10 kV; Stock ΦX 174 HaeIII Digest was diluted to 1.77 ng/μL 
with deionized water. 
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3.3.5 Effect of PVP polymer concentration 
 
The effective pore diameter of the resulting polymer network above the entanglement 
threshold depends upon the polymer concentration, with the pore size diminishing 
with increasing concentration of the polymer. The optimization of an entangled 
polymer separation required finding a polymer concentration at which the effective 
pore diameter provides sufficient sieving power. Practically, this concentration is one 
at which the viscosity is sufficiently low to allow the rapid separation and easy 
introduction of the polymer solution into the capillary and its replenishment between 
injections.  





















Figure 3-4 Effect of PVP polymer concentrations on resolution. Buffer: 40/20 mM 
MES/TRIS with 1%, 2%, 3% PVP respectively. Calculation was based on 
corresponding electropherograms. Other conditions as in Figure 3-3. 
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Figure 3-4 depicts the effect of PVP concentration on resolution for separation of ΦX 
174 HaeIII Digest. These three polymer concentrations are all above entanglement 
concentration (c*=0.69%). It can be seen that higher PVP polymer concentration 
provided better resolution for small DNA fragment sizes (less than 872 bp). However, 
for the large size DNA such as 872/1078 bp and 1078/1355 bp, 1% PVP concentration 
shows merit with regard to resolution. Usually, pore size decreases with increasing 
polymer concentration and larger pore size is favorable for the separation of large 
DNA size fragments. Although high polymer concentration provides better resolution 
for small DNA size fragments, it is at the cost of long migration time and lower 
electrophoretic mobilities of DNA fragments. Thus, using lower polymer 
concentration, we could obtain decreased peak spacing for the small and medium size 
fragment, but improved peak spacing for the larger ones. This observation is in 
accordance with the results reported by Heller [201]. It is also noted that increasing 
PVP concentration from 1% to 3% results in a significant increase of migration time 
which is believed to be caused by the strengthened interaction between PVP polymer 
chains and DNA fragments. Lower polymer concentration is quite useful for fast 
screenings given that the resolution for all size ranges are still satisfactory. In the 
present work, 1% PVP provides sufficient resolution for all the DNA fragments with 
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3.3.6 Optimization of MES/TRIS/PVP system 
 
Previous reports have verified that MES/TRIS (pH ~6.1) buffer is indeed suitable for 
DNA separations [204]. This pH is sufficiently low to enhance surface preparation for 
H-bonding with the polymer and in the mean time, TRIS+ existing as counter ions in 
MES/TRIS may improve the resolution for DNA separation. Having established 
potential of MES/TRIS buffer and PVP polymer as sieving matrix, four series of 
buffer systems were examined in order to find the optimum condition for DNA 
separation. 
 
Figure 3-5 shows the performance of these four buffer systems for separation of ΦX 
174 HaeIII Digest. It was found that the fastest separation was achieved for 40/20 mM 
MES/TRIS and 1% PVP with sufficient resolution for all DNA fragments. Increasing 
PVP concentration can lead to significant increase in migration time which is due to 
the increased interaction between DNA fragments and the polymer chains. (Figure 
3-5A and 2-5C, or Figure 3-5B and 2-5D) Apart from this, MES/TRIS buffer 
concentration also affects migration time and resolution of DNA fragments. When 
MES/TRIS concentration increased from 40/20 mM to 80/40 mM (same PVP 
concentration), migration times of DNA fragments were prolonged. This is due to the 
increased counter ion (TRIS+) which would bind with DNA fragments and alter their 
net negative charges leading to lower mobilities.  
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Figure 3-5 Optimization of 
MES/TRIS/PVP buffer system 
A) 80/40/2%,B)80/40/1%, C) 
40/20/2%, D)40/20/1%. Other 
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Despite the prolonged migration time, resolutions for DNA fragments were improved 
slightly (same PVP concentration) (Figure 3-6). To further evaluate the performance 
of the optimized MES/TRIS/PVP (40/20/1%) buffer system for the separation of 
DNA, particularly large size DNA fragments, 2-log DNA ladder with 20 fragments 
ranging from 100 bp to 10 002 bp was utilized. Figure 3-7 depicts the typical 
electropherogram for the separation of the 2-log ladder. Clearly, the separation for 
2-log ladder was quite successful using the proposed MES/TRIS/PVP buffer system. 
All 20 fragments were separated in less then 20 min with good resolution and 
efficiencies (Table 3-2). Above results indicate that the proposed buffer system is 
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Figure 3-7 Separation of 2-log Ladder with 20 DNA fragments. Buffer: 40/20 mM 
MES/TRIS, 1% PVP at pH 6.1. Both anode reservoir and capillary column were filled 
with separation buffer in the presence of 1 μM YO-PRO-1. Applied voltage, -10 kV; 
Injection time, 5s at -10 kV; Stock 2-log DNA ladder was diluted to 0.25 μg/mL with 
deionized water. 
Figure 3-6 Evaluation of resolution with different MES/MEIS/PVP buffer system. 
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aSeparation buffer: 40/20 mM MES/TRIS with 1% PVP containing 1 μM YO-PRO-1, 0.25 μg/mL 2-log DNA ladder. 
bRSDs were calculated with 3 successive runs 
cConcentration of each fragment was calculated based on area percentages and LODs were calculated based on signal to noise ratio 3. 
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3.3.7 Fitting of DNA separation models 
 
The migration of DNA through a sieving polymer matrix has been characterized as 
being similar to the behavior of nucleic acids in rigid crosslinked gels which is 
dependent upon the size of the analyte relative to the effective pore diameter of the 
polymer network. The migration of short DNA molecules is considered to behave 
according to the Ogston model [194-195]. This model assumes that DNA molecules 
behave as unperturbed spheres and that separation is achieved by “sieving”, i.e. 
smaller molecules migrate faster through the matrix, since they can enter a larger 
number of pores than longer DNA molecules. For larger DNA molecules, the 
migration behavior undergoes a transition from a sieving regime to a ”Reptation” 
regime [196-198]. In this case, the sizes of DNA exceed the effective pore size, but 
DNA molecules continue to migrate through the matrix in a snake-like fashion, in 
which the DNA mobilities are inversely proportional to molecular sizes. 
Electrophoretic mobility versus DNA size in bp at concentration of 1% PVP for 2-log 
ladder DNA is plotted in Figure 3-8. Two distinct slopes are observed, one for DNA 
fragments less than 1000 bp and one for fragments greater than 1000 bp in length. 
This indicates that two distinct sieving regimes are involved over this size range of 
DNA fragments. The function corresponding to DNA fragments greater than 1000 bp 
in length does not appear to plateau at larger DNA fragment size. These data suggest 
good separation ability of DNA fragments in the relevant size range using 1% PVP as 
sieving matrix. 
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Figure 3-8 Log-log plot of electrophoretic mobility of DNA fragments of 2-log ladder 
as a function of DNA fragment size. Other conditions are same as in Figure 3-7. 
 
3.3.8 Analysis of PCR products 
 
The detection of DNA mutations and natural variations has become central to the 
characterization and diagnosis of human genetic diseases and is a core to many 
aspects of molecular biology and medicine/genetics. Enterohemorrhagic escherichia 
coli (EHEC) are an important enteric pathogen for humans. They are important 
emerging pathogens causing diarrhea, hemorrhagic colitis, and hempolytic-uremic 
syndrome. Essential for colonization of EHEC in the host intestine is the locus of 
enterocyte effacement (LEE) pathogenicity island, which comprises a cluster of 
operons encoding a type III secretion system and related proteins. The LEE encoded 
regulator (Ler) has been found to be a positive regulator to activate the transcription 
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of several LEE operons [206]. Ler also positively regulates many EHEC virulence 
genes in the LEE region and elsewhere in the chromosome. Studies showed that Ler is 
a global regulator of virulence gene expression in EHEC and is essential for the 
processes of attaching and effacing (AE) lesions [206]. Therefore, a defined Ler 
mutant is very useful to study the exact function of the Ler gene.  
 
Figure 3-9 is the electropherogram of the amplified Ler fragment from wild type 
EHEC (400 bp) (Figure 3-9A) and EHEC Ler mutant (1160 bp) (Figure 3-9B). The 
EHEC Ler mutant containing a kanamycine casette which disruptes the original Ler 
gene showed around 600 bp larger than EHEC wild type Ler. Therefore, the Ler 
mutant becomes an EHEC strain which lost the function of Ler. Figure 3-9C is the 
electropherogram of mixed Ler fragment of wild type EHEC and EHEC Ler mutant. 
Both of these two DNA fragments are well separated with good reproducibility. RSDs 















Figure 3-9 Electropherograms of PCR products from bacteria EHEC gene. (A) Ler 
fragment from wild type EHEC; (B) EHEC Ler mutant; (C) mixture of Ler fragments 
from wild type EHEC and EHEC Ler mutant. Injection time, 10s at -10 kV; other 
conditions as in Figure 3-7. Peaks, (1) Ler fragment from wild type EHEC with 400 
bp; (2) EHEC Ler mutant with 1160 bp. 
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3.4 Conclusions 
 
PVP with high molecular weight (Mr=1,300,000) yet low viscosity in MES/TRIS 
buffer provided good separation ability for DNA analysis. Compared with commonly 
used cellulose polymers, PVP showed merits with regard to separation speed, 
efficiency and resolution particularly for long DNA fragments. Apart from this, due to 
its ultra low viscosity, it becomes quite convenient to fill polymer solution into 
capillary columns which provide possibilities for high speed and high throughput 
DNA analysis. With the optimized MES/TRIS/PVP (40/20 mM MES/TRIS and 1% 
PVP) buffer system, a 2-log ladder ranging from 100 bp to 10,002 bp was 
successfully resolved in 20 minutes. Besides, due to the great sensitivity enhancement 
by laser induced fluorescence detection, limits of detection for all the fragments are 
quite low, ranging from 0.14 ng/mL to 0.32 ng/mL. The proposed method was also 
evaluated for the analysis of PCR products from bacteria EHEC gene. All above data 
suggest that the developed separation method using PVP as sieving matrix is a good 
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Part II 
 
Chapter 4 Analysis of mutagenic pyrrolizidine alkaloids in 
traditional Chinese medicine by capillary electrophoresis
 
In Part I, CE methods for the analysis of intact bacteria as well as their DNA and 
mutated genes were proposed and successfully demonstrated. Part II will be 
dedicated to establish CE methods for the fast and efficient analysis of toxic 
pyrrolizidine alkaloids (PAs) in Chinese herbal medicine. As we know, there are 
quite a lot of compounds which are mutagenic and exhibit genotoxicity. 
Pyrrolizidine alkaloids (PAs) are mutagenic compounds found in many plants which 
are used to treat diseases. Thus, it is critical to identify and determine those 
compounds in herbal medicine for human health protection. Routine CE method may 
suffer from poor sensitivity due to the short path length of capillary. Hence, an 




Traditional Chinese medicine (TCM) has been used to treat human diseases in China 
for centuries [207]. Many people in other Asian countries have also taken TCM for 
clinical practice or improving health for a long time. During the last two decades, the 
use of Chinese herbal medicines in Europe, Australia, and North America for health 
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care has been increasing. There are several different usages of the Chinese herbal 
plants; for new drug development, as natural remedies, functional foods and dietary 
supplements. Although there are merits in using TCM, several problems exist. These 
include poor quality control and assurance of herbal plants, the lack of scientific 
evidence for the pharmacological effects, and the possible health adverse effects. 
There are an extremely large number of herbal plants used for TCM and many 
components are present in each of the herbal plants. However, information is limited 
on the genotoxicity and tumorigenicity of the herbal plants commonly used in TCM 
as well as natural remedies, functional foods, and dietary supplements. Of particular 
concern is that the active therapeutic components and the other chemicals in an 
herbal plant may be tumorigenic. Hence, work on the qualification control and 
quantitative analysis of active components in TCM has become necessary. 
 
Pyrrolizidine alkaloids (PAs) are a group of compounds found in a variety of plant 
species growing in most environments and all parts of the world, which are among 
the first naturally occurring carcinogens identified in plants [207]. Pyrrolizidine 
alkaloids have been determined to exhibit a large variety of genotoxicity, including 
DNA binding, DNA cross-linking, DNA-protein cross-linking, sister chromatid 
exchange, chromosomal aberrations, mutagenicity, and carcinogenicity [208-210]. 
These toxic PAs known to have caused human toxicity and highly carcinogenic 
promoter activity are mainly distributed in the families Compositae, Legumionsae 
and Boraginaceae. So far, more than 660 PAs and PA N-oxides have been identified 
 102
Part II Chapter 4        Analysis of mutagenic pyrrolizidine alkaloids 
in over 6000 plants of these three families [207, 211-212]. Plants known or 
suspected to contain PAs are widely used for medicinal purpose as remedies all over 
the world [207]. For example, leaves of Tussilago farfara L., namely coltsfoot, are 
specifically effective in the treatment of acute or chronic spasmodic bronchitis, 
irritating coughs, whooping cough and asthma. It is also a mild diuretic and has been 
used in cystitis. However, this herb contains PAs which have been shown to cause 
liver damage occurring in minute quantities. To avoid any risk for consumers, the 
German public health authorities limited the daily intake of toxic PAs to 1 μg. For 
use as herbal tea, the concentration of these compounds in coltsfoot is limited to 10 
μg/day [213]. As for Senecio, the whole herb is anthelmintic, antiscorbutic, 
diaphoretic, diuretic, emmenagogue and purgative and it is often used as a poultice. 
However, PAs contained in the herb are highly toxic to the liver and have a 
cumulative poisonous affect when the whole herb is consumed [207]. Because toxic 
pyrrolizidine alkaloid-containing plants are widely distributed in the world, the risk 
to human health posed by exposure to these components has been a concern. 
Therefore, for human health protection, it becomes very important to determine the 
bioactive components precisely in these herbs in order to avoid risks for consumers. 
 
Qian liguang and Kuan donghua are two plant species which are documented to be 
officially used as the plant sources for TCM herbs among 49 pyrrolizidine 
alkaloids-containing Chinese herbal plants produced in China [214]. Particularly 
pharmaceutical investigations have shown that Qian liguang has medicinal purpose 
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of anti-oral and pharyngeal infection, and Kuan donghua was used to treat chronic 
bronchitis, asthma and influenza [212]. Both of these two herbs were reported to 
contain tumorigenic pyrrolizidine alkaloids such as senecionine, seneciphylline, 
senkirkine and retrorsine which are mainly a group of pharmacologically bioactive 
compounds in Senecio and Tussilago genera. Therefore, to better exploit and safely 
utilize these plants, it is necessary to develop a simple, economical and efficient 
method for the simultaneous separation and determination of these bioactive 
compounds in plants. 
 
To date, several methods, such as thin-layer chromatography (TLC) [215], gas 
chromatography (GC) [216-218] and high performance liquid chromatography 
(HPLC) [219-222] have been used for the separation, identification and 
determination of PAs in plant sources. However, TLC and GC usually lack resolving 
power, quantitative precision and sensitivity. HPLC methods are lengthy, have lower 
separation power, take longer analyzing time, and require large volumes of organic 
solvent. Although combined GC-MS and HPLC-MS have been used for the analysis 
of PAs, it is still unsatisfactory when it comes to the sensitivity, specificity and 
reliability. As for GC-MS, decomposition in analytes may occur during analysis and 
derivatization is usually required [223]. 
 
Capillary electrophoresis (CE) has been successfully applied for the analysis of the 
ingredients in herbal medicines due to its high resolution, minimum sample volume, 
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short analysis time and high separation efficiencies. Various alkaloids contained in 
herbal plants have been separated and determined using different CE modes, such as 
capillary zone electrophoresis (CZE), nonaqueous capillary electrophoresis (NACE) 
and micellar electrokinetic chromatography (MEKC) [224-233].  To the best of our 
knowledge, only one paper was reported for the quantitative analysis of toxic 
pyrrolizidine alkaloids (PAs) by CE method [234]. In this paper, a method to 
quantify two toxic PAs in coltsfoot (Tussilago farfara L.) by capillary zone 
electrophoresis (CZE) was established and this method allowed the quantification of 
around 0.5 μg/mL of senkirkine and senecionine in 8 min. Although this method 
works for those relatively high amounts of PAs in certain herbs, it is not suitable for 
detection of lower level concentrations of PAs which may be present in some herbs. 
Owing to the satisfactory sensitivity and short analysis time, CE is confirmed as an 
excellent complementary method in the quantification of toxic PAs in plants. 
However, there has been no other report on the quantitative analysis of these and 
other related toxic PAs (retrorsine, senkirkine, senecionine and seneciphylline) in 
Chinese herbal medicines (Qian liguang and Kuan donghua) by MEKC. Hence, a 
highly selective MEKC method will be developed for the separation and 
determination of four toxic PAs contained in these two Chinese herbs.  
 
Although the narrow capillary used in CE is crucial for rapid and high-resolution 
separation, CE suffers from poor concentration sensitivity when using UV detection 
due to the small injection volumes (typically less than 1% of capillary length) and 
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the short optical path length. As a result, it is often not suitable for detecting low 
concentration levels of analytes in real samples unless more sensitive detection 
methods, such as laser-induced fluorescence detection [235], electrochemical 
detection [236] or amperometric detection [237] are used. These detection 
techniques may provide better sensitivity than that of UV detection, but they are 
applicable to fewer types of analytes, and often require chemical derivatization. 
Although hyphenation with mass spectrometry (MS) would provide both high 
sensitivity and structural information [238], it is still limited due to the bad 
compatibility of CE background electrolyte solutions with MS as well as the high 
cost of the MS system. In addition, some off-line preconcentration methods can also 
be utilized to enrich analytes, such as solid phase extraction (SPE) and liquid-liquid 
extraction (LLE) [239]. However, most of these methods require additional and 
sometimes complex hardwares or time-consuming procedures. 
 
On-line preconcentration based on electrophoresis represents one of the most facile 
and versatile ways for sample enrichment in CE (e.g. stacking after direct injection 
of a large volume of sample), since the preconcentration step is performed within the 
capillary. Electrophoretic mobilities of analytes are dependent on the local properties 
of the electrolyte and therefore variable mobilities of analytes in the sample solution 
and background electrolyte (BGE) may be utilized to focus sample zones 
electrokinetically. Several on-line preconcentration strategies that employ change of 
analyte mobility in two or more electrolyte matrices have been reported in CE 
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[240-246]. So far, four major on-line preconcentration strategies for CE are available, 
which are sample stacking based on field enhancement sample injection (FESI) 
[247-250], transient isotachophoresis (t-ITP) [251-252], dynamic pH junction 
[253--254] and sweeping [255-256]. Each strategy utilizes a distinct focusing 
mechanism based on different electrolyte properties between sample matrix and 
BGE. Among these strategies, dynamic pH junction is a focusing method based on 
the differences in the analytes’ ionization in sample matrix and BGE. However, 
application of this method is limited to weakly ionic analytes whose mobilities 
change as a function of buffer pH. Sweeping is described as a technique where 
analytes are collected and concentrated by the pesudostationary phase (PS) that 
penetrates the sample zone devoid of PS. It is effective for both charged and 
uncharged analytes that possess a strong interaction with additives (e.g. micelles) in 
the buffer. Besides micellar sweeping, other types of additives have also been 
applied in recent reports [257-258] to enrich analytes, including charged 
cyclodextrin derivatives, borate, and poly (ethylene oxide) polymer. Recently, a new 
hyphenated on-line focusing technique, namely dynamic pH junction-sweeping 
[259-260], has been introduced for sensitivity enhancement. Dynamic pH 
junction-sweeping is defined as a strategy in which the sample solution is devoid of 
additives as PS for sweeping (sweeping condition) and has a different buffer pH (pH 
junction condition) from that of the BGE, which allows efficient focusing of a large 
sample volume directly on-capillary. It integrates both of the merits of sweeping and 
dynamic pH junction and represents a promising method to improve the selectivity 
 107
Part II Chapter 4        Analysis of mutagenic pyrrolizidine alkaloids 
of complex mixtures of analytes as well as the focusing performance, and it is 
applicable to both weakly ionic and neutral compounds [259-260]. 
 
In this chapter, a highly selective MEKC method will be first developed for the 
separation and determination of four PAs contained in these two Chinese herbs. 
Critical factors such as buffer concentration, SDS concentration and methanol 
concentration which affect separation of PAs will be carefully investigated. In order 
to improve the detection sensitivity, a hyphenated preconcentration strategy, namely 
dynamic pH junction-sweeping, will be established for the analysis of PAs. In the 
mean time, a comparison regarding sensitivity enhancement will be made with other 
on-line preconcentration strategies, such as sweeping and FESI-MEKC. Also, critical 
factors such as pH of sample matrix, sample matrix and injected sample plug length 
will be carefully examined to achieve the best focusing effect. Eventually, the 
optimized separation methods will be applied to the analysis of Chinese herbal 




















































Figure 4-1 Chemical structures of pyrrolizidine alkaloids of senkirkine, retrorsine, 
senecionine and Seneciphylline. 
 




Sodium tetraborate anhydrous, phosphate, citric acid (99.5%) and mesityl oxide 
(90%) were purchased from Fluka (Buchs, Switzerland). Ammonium acetate and 
acetic acid (99.8%) were the products of Merck (Darmstadt, Germany). Ammonium 
hydroxide was purchased from Fisher Scientific (Fisher scientific, NJ, USA). 
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Sodium dodecyl sulfate (SDS) was purchased from Sigma (St. Louis, MO, USA). 
All reagents (methanol, ether, dichloromethane and acetonitrile) were HPLC grade. 
Water ( 18 MΩ) used throughout the experiments were generated by a NANOpure 
ultrapure water system (Barnstead, IA, USA). Pyrrolizidine alkaloids of senkirkine 
senecionine, retrorsine and seneciphylline were provided by the Health Sciences 
Authority (HSA, Singapore). Chemical structures of those four pyrrolizidine 
alkaloids with pKa 6.65, 5.44, 5.37 and 5.44 respectively are showed in Figure 4-1. 
Chinese herbs (Qian liguang and Kuan donghua) were also provided by HSA. 
≥
 
4.2.2 Instrumentation and methods 
 
4.2.2.1 HPLC conditions 
 
A Waters (Milford, MA, USA) model 600 MS pump equipped with a Waters 486 
tunable absorbance detector was employed. Separation was performed on a ODS1 
column (150×4.6mm, 3 μm particle size, Phase Separation Inc., USA ) with mobile 
phase consisting of solvent A (60%, acetonitrile) and buffer B (40%, 20 mM 
ammonium acetate alkalized with ammonium hydroxide to pH 9.0 and 0.01% 
triethylamine) applied at a flow-rate of 0.8 mL/min. Injection volume is 10 μL. The 
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4.2.2.2 CE conditions 
 
The CE separations were performed on a CE-P2 Autosampler (CE Resources Pte Ltd, 
Singapore) equipped with a UV-VIS detector (SPD-10AVP, Shimadzu, Japan). Total 
length of untreated fused silica capillary (Polymicro Technologies Inc., Phoenix., AZ, 
USA) was 60 cm with 50 cm effective length. The inner diameter (I.D.) was 50.0 μm, 
and the outer diameter (O.D.), 368.0 μm. When a new capillary was first used, it was 
rinsed with 1 N NaOH for 30 min and water for 10 min. Between two runs, the 
capillary was rinsed for 0.5 min with 1 N NaOH, and 1.0 min with water, followed 
by 2 min with run buffer, then conditioned under the applied voltage with run buffer 
for 2 min in order to obtain highly reproducible electroosmotic flow (EOF). Run 
buffer was renewed after five runs. Electrophoresis was performed at high voltage of 
20 kV and a temperature of 22ºC. Detection wavelength was set at 220 nm. Data 
were collected by CSW software (DataApex Ltd, The Czech Republic). 
 
4.2.3 Standard sample and run buffer preparation 
 
The stock standard sample solutions were prepared by dissolving 5 mg of each of 
PAs into 1.5 mL methanol individually to obtain the final concentration of 3333.3 
μg/mL. Various sample buffers for different methods were prepared daily and stock 
sample solutions of PAs were diluted to the desired concentrations with sample 
buffer for CE analysis. Stock solutions of ammonium acetate, borate and SDS were 
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prepared and kept in the refrigerator (4°C). Run buffer was prepared daily. 
 
4.2.4 Extraction of pyrrolizidine alkaloids in plant 
 
One gram of pulverised herbal plant (Kuan donghua) was refluxed for 30 min with 
60 mL 50% methanol acidified to pH 2-3 with citric acid. After cooling down, the 
solution was filtered (0.2 μm) and the volume was reduced to half by heating, then 
followed by twice extraction with 30 mL dichloromethane and twice with 30 mL 
ether in order to remove lipophilic accompanying substances. After that, the aqueous 
solution was alkalised with 25% ammonium hydroxide solution (pH 9-10) and the 
PAs as free bases (neutral) were extracted by 3-fold extraction each against 30 mL 
dichloromethane. All three organic layers after each extraction were combined and 
evaporated to almost dryness and then the residue was redissolved in 1 mL methanol 
for CE analysis [234]. 
 
4.3 Results and discussion 
 
4.3.1 Analysis of PAs by micellar electrokinetic chromatography 
 


















Figure 4-2 Separation of four alkaloids by HPLC. Mobile phase consists of solvent 
A (ACN, 60%) and buffer B (40%, 20 mM Ammounium acetate, with 0.01% 
Triethylamine and alkalised with ammonium hydroxide to pH 9.0). Flow rate 0.8 
mL/min. Pyrrolizidine alkaloids (μg/mL), 1) Senkirkine (333.3); 2) Senecionine 
(333.3); 3) Retrorsine(333.3); 4) Seneciphylline (333.3).  
 
First, a HPLC isocratic method was investigated since this technique was often 
utilized for the analysis of PAs in plants [219-222]. Figure 4-2 shows the separation 
of four PAs (senkirkine, senecionine, retrorsine and seneciphylline) by isocratic 
HPLC method which was performed using a mobile phase consisting of solvent A 
(ACN, 60%) and buffer B (40%, 20 mM Ammounium acetate with 0.01% 
Triethylamine and alkalised with ammonium hydroxide to pH 9.0) at flow rate 0.8 
mL/min. Quite broad peaks, partial separation and long separation time (almost 30 
min) were observed with this proposed HPLC method. The numbers of theoretical 
plates were calculated to be 2577, 2752, 5177 and 4562 for senkirkine, senecionine, 
retrorsine and seneciphylline respectively. Although the low efficiencies may be due 
to the inappropriate HPLC conditions, the whole optimization is lengthy and 
consumption of reagent is quite large. However, CE has merits in these aspects. 
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Besides HPLC, nonaqueous capillary electrophoresis (NACE) has been reported as a 
good alternative for the analysis of alkaloids in herbal medicines which are difficult 
to separate in aqueous solutions [224-225].  
 






Figure 4-3 Separation of four toxic PAs by nonaqueous capillary electrophoresis. 
Buffer: 20 mM ammonium acetate, 20% ACN in methanol, Acetic acid (v/v): A, 
0.5%; B, 1.0%; C, 3%. High voltage, 20 kV; Injection time, 10s; Injection pressure, 
0.3 psi; Pyrrolizidine alkaloids (μg/mL); 1) Senkirkine (166.7); 2) Senecionine 
(166.7); 3) Retrorsine (166.7); 4) Seneciphylline (166.7).  
 
In NACE, alkaloids undergo protonation readily at low pH and therefore separation 
becomes possible based on their different mobilities under electrical field. In the 
study, a NACE method was developed and its feasibility for the separation of four 
PAs was evaluated. Figure 4-3 shows the typical electropherogram obtained for the 
separation of PAs by NACE with different acetic acid concentrations (0.5%~3%). It 
was found that peaks for senecionine and seneciphylline completely overlapped and 
could not be separated at different acetic acid concentrations. (Figure 4-3A-C) The 
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apparent reason for their overlap is that senecionine and seneciphylline have 
inadequate difference in mobilities after protonation due to their similar structures 
(different by only two hydrogen atoms) and hence tend to migrate out together. 
MEKC is based on the differential partition of the solutes between the hydrophobic 
interior of charged micelles and the aqueous phase. Micelles added into the run 
buffer provide a reversed-phase character to the separation mechanism. In MEKC, 
the analytes are dissolved in the micelles (pseudostationary phase) and migrate out 
based on their differential partitioning between the buffer and micelles. MEKC is 
particularly effective for the separation of neutral species. Therefore, a MEKC 
method was developed and applied to separate the toxic PAs since they are 
nondissociated at basic pH and have differences in hydrophobicity.  
 
Figure 4-4 is a typical electropherogram for the separation of four PAs obtained with 
the optimized MEKC separation conditions. Base-line resolved separation with good 
efficiencies of these four PAs was readily achieved which demonstrates that MEKC 
provides better efficiencies, resolution and selectivity in the current study compared 
with HPLC and NACE methods. 
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Figure 4-4 Typical electropherogram for the separation of four PAs with optimized 
separation condition by MEKC. Buffer: 20 mM borate, 30 mM SDS, 20% (v/v) 
methanol at pH 9.1. High voltage, 20 kV; Injection time, 10s; Injection pressure, 0.3 
psi. Pyrrolizidine alkaloids (μg/mL), 1) Senkirkine (83.3); 2) Senecionine (83.3); 3) 
Retrorsine (83.3); 4) Seneciphylline (83.3). 
























Figure 4-5 Effect of buffer concentration on separation of PAs. Buffer: 20% (v/v) 
methanol, 30 mM SDS, 5~40 mM borate at pH 9.1; High voltage, 20 kV; Injection 
time, 10s; Injection pressure, 0.3 psi. Pyrrolizidine alkaloids (μg/mL), 1) Senkirkine 
(166.7); 2) Senecionine (166.7); 3) Retrorsine (166.7); 4) Seneciphylline (166.7). 
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4.3.1.2 Effect of borate buffer concentration on separation of PAs 
 
The buffer concentration has a significant effect on separation performance due to its 
influence on ionic strength and viscosity of the electrolyte as well as the adsorption 
of analytes on the capillary wall [261-262]. Here, borate concentrations ranging from 
5 mM to 40 mM were examined in order to obtain the best resolution of four PAs.  
 
Figure 4-5 illustrates the effect of borate concentration on apparent mobilities of PAs. 
It can be seen that the apparent mobilities of four PAs decreased with the increase of 
buffer concentration overall, which is believed to be caused by the reduced 
electroosmotic flow (EOF). When borate concentration was 5 mM, senecionine, 
retrorsine and seneciphylline were not base-line resolved and moreover serious 
tailing occurred. The observed phenomena may be attributed to the adsorption 
between analytes and capillary wall. Adsorption was effectively suppressed as borate 
concentration was increased to 20 mM and separation of these four PAs was 
successfully achieved. However, longer analysis time and much broader peaks were 
observed with increasing buffer concentration to 40 mM. Therefore, 20 mM borate 
was found to be optimal for the separation of the four toxic PAs in this work. Based 
on above results, it can be concluded that it is necessary to find a suitable borate 
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4.3.1.3 Effect of SDS concentration on separation of PAs 
 
MEKC has been widely used for the analysis of all kinds of analytes [263-265], in 
which surfactant micelles as buffer additives allow the separation of neutral analytes 
through differences in hydrophobicity [261-262]. Thus, different degrees of 
partitioning of PAs into micelles and buffer can facilitate the separation of four toxic 
PAs.  

































Figure 4-6 Effect of SDS concentration on separation of PAs. Buffer: 20 mM borate, 
20% (v/v) methanol, 20~40 mM SDS (mM) at pH 9.1; High voltage, 20 kV; 
Injection time, 10s; Injection pressure, 0.3 psi. Pyrrolizidine alkaloids (μg/mL), 1) 
Senkirkine (166.7); 2) Senecionine (166.7); 3) Retrorsine (166.7); 4) Seneciphylline 
(166.7). 
 
Figure 4-6 displays the effect of SDS concentration on the separation of the PAs. 
Apparent mobilities of all PAs decreased with increasing SDS concentration due to 
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PAs spending more time in micelles when SDS concentration was increased. 
Therefore it took a longer time for them to reach the detector. When SDS 
concentration was 20 mM, peaks for retrorsine and seneciphylline were overlapped 
and they could not be baseline resolved until the SDS concentration was increased to 
30 mM. The results can be explained by considering the improved selectivity when 
SDS concentration was increased from 20 mM to 30 mM. As SDS concentration was 
further increased, separation was not affected at all but migration time for PAs was 
much longer due to longer partition time in micelles. Considering the resolution and 
analysis time, 30 mM SDS is the optimum surfactant concentration for the studied 
analyte system. These results suggest that SDS has significant impact on selectivity 
and separation time as well. 
 
4.3.1.4 Effect of methanol concentration 
 
Addition of organic solvents to buffers also affects separation. Not only do solvents 
alter the viscosity and dielectric constant of buffers but they can also solubilize the 
analytes and modify the effective electrical charges on the analytes resulting in 
alteration of electrophoretic mobilities. In general, polar solvents which can interact 
with the capillary wall slow the electroosmotic flow. In MEKC, selectivity can also 
be affected by adding organic solvent into run buffer [261-262]. In this study, effect 
of methanol concentration ranging from 0-30% (v/v) was examined.  
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Figure 4-7 Electropherogram of separation of four PAs with different methanol 
concentrations. Buffer: 20 mM borate, 40 mM SDS, methanol (v/v), A: 0%, B: 10%, 
C: 20%, D: 30%. pH, 9.1; High voltage, 20 kV; Injection time, 10s; Injection 
pressure, 0.3 psi. Pyrrolizidine alkaloids (μg/mL), 1) Senkirkine (166.7); 2) 
Senecionine (166.7); 3) Retrorsine (166.7); 4) Seneciphylline (166.7). 
 
Figure 4-7 shows the electropherogram for the separation of four alkaloids obtained 
using above conditions as specified. Apparent mobilities of all PAs decreased with 
increasing methanol concentration due to the reduced EOF. It was also found that 
peaks for senecionine and retrorsine overlapped completely in the absence of 
methanol (Figure 4-7A). However, their partial separation was observed when 10% 
of methanol was added into buffer (Figure 4-7B). When the methanol concentration 
was increased to 20%, base-line separation of all four PAs was observed (Figure 
4-7C). The main reason for improved resolution is that buffer polarity is altered by 
increasing methanol (polar solvent) concentration and thereby partition equilibrium 
of PAs between buffer and micelles is affected. As a result, selectivity and resolution 
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would also be affected accordingly which made it possible to separate these four 
toxic PAs. With further increasing methanol concentration to 30%, not only was the 
separation not complete (peaks for seneciphylline and retrorsine overlapped), but 
also distorted peaks were observed (Figure 4-7D). This is most likely due to the fact 
that micellar structure breaks down at high organic solvent concentration (30%) and 
therefore, their separation and peak shapes are affected accordingly. Usually, 
addition of organic solvent (less than 20%) reduces the EOF and expands the 
separation time window without breaking down the micellar structure [261-262]. 
Moreover, it was found that apparent mobilities of all PAs decreased with increasing 
methanol concentration due to the reduced EOF. Based on above results, 20% (v/v) 
methanol was found to be the optimal concentration in the proposed MEKC system. 
Clearly, the above results indicate that it is important to choose a suitable methanol 
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4.3.1.5 Linearity, reproducibility and limit of detection 
 
With the optimized separation conditions, all four toxic PAs were successfully 
resolved in 17 min with good efficiencies (Figure 4-4). Numbers of theoretical plates 
were calculated to be 61756, 62565, 73474 and 64791 for senkirkine, sencionine, 
retrorsine and seneciphylline respectively. To evaluate the practical applicability of 
the proposed MEKC method, reproducibility, linearity and limits of detection were 
investigated using the optimum separation conditions (Table 4-1). The results 
showed good linearity between the peak area (y) and concentration (x) with good 
regression coefficient (R2>0.9940) in the range of 8.3-166.7 μg/mL. RSDs (n=4) in 
migration time and peak area were 0.31~0.48% and 3.28~4.16%, respectively. 
Limits of detection (LOD) for the four pyrrolizidine alkaloids varied from 1.20~2.70 
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a y and x represent for the peak area and concentration (μg/mL) of analytes respectively. 
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4.3.1.6 Application 
 
The method proposed in this study was applied for the determination of pyrrolizidine 
alkaloids in Qian liguang and Kuan donghua. One gram pulverised powder of each 
of these two herbs was extracted by using the method described in section 4.2.4. The 
sample solution was diluted 4 times with methanol in water (50%) for CE analysis. 
The typical electropherograms of Qian liguang and Kuan donghua after extraction 
are illustrated in Figure 4-8. None of these four PAs was found in Qian liguang 
(Figure 4-8A), but senkirkine was detected in Kuan donghua (Figure 4-8B). Peaks 
were identified by comparison of the migration times and by spiking the standards 
into the sample solution. The amount of detected senkirkine in Kuan donghua was 












Figure 4-8 Electropherograms of real samples with optimized MEKC method.  
Buffer: Buffer: 20 mM borate, 30 mM SDS, 20% (v/v) methanol at pH 9.1; High 
voltage, 20 kV; Injection time, 10s; Injection pressure, 0.3 psi. A) Qian liguang; B) 
Kuan donghua. Real sample solutions were diluted four times with methanol in 
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4.3.2 Analysis of pyrrolizidine alkaloids by dynamic pH junction-sweeping 
 
4.3.2.1 Dynamic pH junction-sweeping on-line preconcentration strategy 
 
The four PAs (senkirkine, senecionine, retrorsine and seneciphylline) possess tertiary 
amino groups (R3N), thus protonation for PAs could occur at pH below their pKa. In 
this case, ionized PAs could be regarded as weakly acidic analytes and pH junction 
should be applicable for the focusing of PAs since their mobilities would change as a 
function of sample buffer pH. However, only dynamic pH junction may not be 
effective for the separation of PAs because they are neutral after pH junction process 
and tend to migrate out together with the EOF. However, the migration velocities of 
neutral PAs can be readily modified by adding micelles into the buffer solution 
through their partitioning with PS and buffer, as in MEKC. MEKC serves not only to 
improve the separation selectivity, but also can be used for the electrokinetic 
focusing of large sample volume by sweeping. Hence, combination of pH junction 
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Figure 4-9 Schematic diagrams of dynamic pH junction-sweeping capillary 
electrophoresis. Steps: (A) Large sample volume injection; (B) Begin of pH junction 
-sweeping; (C) End of pH junction-weeping; (D) Normal MEKC separation. Sample 
was diluted with sample matrix containing 10 mM phosphate with 20% methanol at 
pH 4.0. BGE consists of 20 mM borate, 30 mM SDS and 20% methanol at pH 9.1. 
 
Figure 4-9 depicts the pH junction-sweeping on-line preconcentration strategy to 
focus four different toxic PAs based on their unique properties, such as their 
dissociation constants and hydrophobic characteristics, both of which will govern 
their retention factors (k′) during micellar partitioning. As shown in Figure 4-9A, a 
long plug of sample (S+) prepared in an acidic sample matrix which has been 
conditioned to the desired pH (4.0) with acetic acid is dynamically injected into the 
capillary. All these four PAs undergo protonation since sample matrix pH (4.0) is 
below their pKa. Upon application of separation voltage, hydroxide ions (OH-) in 
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run buffer (pH 9.1, above pKa of all PAs) with rapid mobility migrate into the 
sample zone, resulting in an abrupt local pH increase at the front edge of the sample 
(Figure 4-9B). PA molecules with positive charge (S+) originally in the leading edge 
are suddenly deprived of protons and in the mean time, PAs as neutral molecules (S) 
are solubilized in the SDS micelles (S:SDS-). Accordingly, mobilities of PAs in the 
front edge experience a dramatic drop and then reverse from positive to negative, i.e. 
counter to the EOF (lower velocity), whereas PAs in the remaining sample zone still 
migrate to the detector with positive mobility (higher velocity). During this period, 
the original large sample plug is focused into sharp sample zone as the higher 
velocity PAs in the back section of sample compresses into the front edge section 
with lower velocity (Figure 4-9C). Consequently, on-line sample band narrowing 
occurs electrokinetically followed by a normal MEKC separation (Figure 4-9D). 
 
4.3.2.2 Comparison of different on-line preconcentration strategies  
 
Sweeping, FESI-MEKC and dynamic pH junction-sweeping strategies were studied 
in order to examine their feasibility on the focusing effects for PAs. Normally, 
sweeping with micelles is optimum for very hydrophobic or ionic analytes that 
possess a high retention factor (k′). And hydrophilic (weakly ionic/polar) analytes 
generally undergo poor band narrowing using micelles because of their low retention 
factor (k′). As for FESI-MEKC, it is often employed to improve sensitivity of neutral 
compounds in which a water plug is first introduced at the inlet of the capillary filled 
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with BGE and sample prepared in a low-conductivity micellar matrix is 
electrokinetically injected at negative polarity till current reaches 95% of its 
maximum. During injection, the analytes solubilized in the micelles enter the 
capillary together with micelles from the sample vial owing to the enhanced field in 
the water plug that generates greater velocities than EOF. By this mechanism, 
analytes are stacked between the boundary of water plug and BGE. 
 
Figure 4-10 Electropherograms of four toxic pyrrolizidine alkaloids by Sweeping. 
Sample solution was prepared with 50 % methanol in water and injected for 265 s at 
pressure of 20.7 mbar. Run buffer consists of 20 mM borate, 30 mM SDS and 20% 
methanol at pH 9.1. Separation voltage, 20 kV. Detection wavelength, 220 nm. 
Concentration of each PA is 8.3 μg/mL. 
 
Figure 4-10 is a typical electropherogram of PAs obtained using sweeping in which 
the sample was prepared with 50% methanol in water devoid of SDS 
(pseudostationary phase). Quite poor separation and focusing were observed with the 
sweeping method which was most likely due to the fact that these four toxic PAs are 
polar compounds having low retention factors with SDS.  
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Figure 4-11 Electropherograms of four toxic pyrrolizidine alkaloids by FESI-MEKC. 
Sample solution was prepared with run buffer. A water plug introduction for 90s at 
20.7 mbar followed by electrokinetically sample injection for 20 s under -20 kV till 
current reached 95% of maximum current; Other conditions as in Figure 4-10. 
 
 
Figure 4-11 depicts the performance of FESI-MEKC for the focusing of toxic PAs. 
Although separation of the four PAs was achieved, sensitivity enhancement was not 
as remarkable as anticipated. The results can be also explained by considering the 
low retention factors between micelles and polar PAs because of which few PAs 
molecules migrate through the capillary together with SDS and are stacked at the 
boundary between water and the BGE under negative polarity. There was no 
significant improvement in sensitivity even with longer electrokinetic injection time. 
 
In present report, a hyphenated on-line preconcentration strategy, namely dynamic 
pH junction-sweeping, was developed to provide higher sensitivity enhancement, by 
harnessing the advantages of both techniques. Although these four PAs are neutral 
and sweeping may work to improve their selectivity as well as focusing, their 
mobilities are pH dependent because protonation could occur in these molecules 
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since they possess protonatable tertiary amino group (R3N). Therefore, a dynamic 
pH junction may further enhance the focusing effect if the pH of the sample matrix 






Figure 4-12 Electropherogram of four toxic pyrrolizidine alkaloids by dynamic pH 
junction-sweeping, sample was prepared with 10 mM phosphate with 20 % methanol 
at pH 4.0 and injected for 265s at 20.7 mbar. Run buffer consists of 20 mM borate, 
30 mM SDS and 20% methanol at pH 9. 1. Separation voltage, 20 kV; Detection 
wavelength, 220 nm. Peaks, 1. Senkirkine; 2. Senecionine; 3. Retrorsine; 4. 
Seneciphylline. Concentration of each PA is 8.3 μg/mL. 
 
Figure 4-12 shows the typical electropherogram obtained with the dynamic pH 
junction-sweeping strategy. Large sample volume zone was successfully narrowed 
and narrow peaks with good resolution of four toxic PAs were observed with this 
strategy whereas the focusing effect cannot be achieved by only sweeping (Figure 
4-10). Also, a quite broad peak appearing at around 10 min was observed in Figure 
4-12 which represented the sample matrix migrating out together with EOF. Based 
on the above data, it was summarized that dynamic pH junction contributes more to 
the focusing than sweeping which is more effective for selectivity improvement. 
Compared with sweeping and FESI-MEKC, pH junction-sweeping showed better 
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separation and sensitivity enhancement factors. With the proposed pH 
junction-sweeping method, up to 36.7 folds of sensitivity enhancement (injection 
265 s at 20.7 mbar) was achieved compared with the normal sample injection (10 s 
at 20.7 mbar, run buffer were the same as used in pH junction-sweeping). If the 
injection time and sample concentration are properly controlled, the sensitivity could 
be further improved. These results suggest that dynamic pH junction-sweeping 
would be a useful tool for focusing of samples in CE when either sweeping or pH 
junction is ineffective. 
 
4.3.2.3 Effect of sample matrix type and conductivity on dynamic pH 
junction-sweeping performance 
 
Previous reports have shown that conductivities of sample matrix can be lower, 
similar and higher compared with that of BGE to achieve a focusing effect [266-268]. 
Besides, the type and specific mobility of the electrolyte co-ions in the sample 
matrix relative to BGE may also contribute to analyte focusing. In the present work, 
two sample matrices, phosphate and borate, were compared to achieve the better 
performance. Both sample matrices containing 20% methanol with pH adjusted to 
4.0 with acetic acid have similar conductivities around 1.0 mS/cm and BGE has a 
conductivity of 2.52 mS/cm.  
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Figure 4-13 Performance of dynamic pH junction-sweeping using borate as sample 
matrix. Sample matrix, 10 mM borate with 20 % methanol at pH 4.0. Sample was 
prepared with above sample matrix. Other conditions as in Figure 4-12. 
 
Figure 4-13 shows the electropherogram using borate (1.06 mS/cm) as sample 
matrix. Although separation was realized with borate as sample matrix, relatively 
poor results with regard to resolution, peak shape and efficiency were observed 
compared with 10 mM phosphate (1.03 mS/cm, Figure 4-12) as sample matrix. Due 
to its better performance, phosphate was chosen as the sample matrix of PAs in the 
dynamic pH junction-sweeping strategy. 
 
Apart from type of matrix, we further investigated the effect of conductivity of the 
phosphate sample matrix on performance of pH junction-sweeping since it plays a 
vital role to induce focusing of PAs. The effect of phosphate concentrations 
(Conductivity depends on salt concentration) on focusing of PAs were evaluated at 
various salt concentrations corresponding to different conductivities. 
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Figure 4-14 Effect of salt concentrations of sample matrix on separation. Sample 
matrix consists of phosphate (A) 5 mM, (B) 10 mM, (C) 20 mM, (D) 40 mM, with 
20% methanol at pH 4.0. Other conditions as in Figure 4-12. 
 
Figure 4-14 depicts the electropherogram obtained with different salt concentrations 
of the sample matrix. The sample matrix consists of phosphate ranging from 5 mM 
to 40 mM corresponding to conductivities ranging from 0.50 mS/cm to 3.24 mS/cm. 
Clearly, there was no focusing effect when phosphate concentration was 5 mM 
(Figure 4-14A). This is most likely due to the mismatch of conductivity of sample 
matrix (0.50 mS/cm) and BGE (2.52 mS/cm). Normally, sufficient salt concentration 
in the sample is required to maintain a certain level of conductivity compared to that 
of the BGE. Recently, it has been reported that stacking of neutral analytes occurred 
in micellar CE by simply adding salt to the sample matrix to increase the 
conductivity 2-3 folds above that of the BGE [256]. In the present work, effective 
focusing was observed with 10 mM phosphate with conductivity (1.03 mS/cm) 
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around 1.5-fold lower than BGE (Figure 4-14B). Besides, somewhat higher 
conductivity (1.73 mS/cm and 3.24 mS/cm for 20 mM and 40 mM phosphate 
respectively) also worked to achieve focusing of PAs (Figure 4-14C-D). However, 
one disadvantage of using a higher conductivity sample matrix is that analysis time 
was prolonged due to reduced focusing speed and moreover peaks were broadened 
as a result of diffusion. Based on comprehensive consideration of analysis time, 
efficiency and resolution, 10 mM phosphate with conductivity of 1.03 mS/cm was 
chosen as the sample matrix. 
 
4.3.2.4 Effect of pH of sample matrix on pH junction-sweeping performance 
 
pH junction-sweeping works very well on the sample zone focusing as well as 
resolution and dynamic pH junction in this hyphenation strategy plays a much more 
important role on focusing than sweeping. The dynamic pH-junction method was 
first reported as a specific assay for epinephrine in dental anesthetic solutions and 
significant sensitivity enhancement was achieved [266]. In the pH-junction 
technique, the pH of the sample matrix and BGE play essential roles in controlling 
the focusing of those analytes for which mobilities are pH dependent based on their 
pKa. The sample matrix may consist of the same buffer or different electrolyte type 
as BGE to optimize the pH junction range for the focusing of weakly acidic, basic or 
zwitter-ionic analytes. In this strategy, sample matrix and BGE which possess 
different pH values are loaded into the capillary to form a discrete step pH junction 
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Figure 4-15 Effect of pH of sample matrix on performance of dynamic pH 
junction-sweeping. pH, (A) 7.0; (B) 5.8; (C) 4.0, Sample matrix consists of 10 mM 
phosphate with 20 % methanol and was adjusted to desired pH with acetic acid. 
Other conditions as in Figure 4-12. 
 
Figure 4-15 depicts a series of electropherograms illustrating the focusing of PAs 
using different pH of the sample matrix. Samples were dissolved in 10 mM 
phosphate with 20% methanol at pH ranging from 4.0 to 7.0. pH of BGE was fixed 
at 9.1. When pH of the sample matrix was 7, focusing was not effective and quite 
broad peaks of the four PAs were observed (Figure 4-15A). This is because the pH of 
the sample matrix was above the pKa of all these four PAs and therefore the pH 
junction did not work at this pH. A similar phenomenon occurred when the pH of the 
sample matrix was adjusted to 5.8 (Figure 4-15B). Although the pH is below the pKa 
(6.65) of senkirkine, focusing of senkirkine was not observed. This is most likely 
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due to the small pH interval between pKa and sample matrix pH and therefore only a 
part of senkirkine molecules underwent protonation. However, significant sample 
focusing was realized when the pH of the sample matrix was 4.0 which is below the 
pKa of all four PAs (Figure 4-15C). It was concluded that PAs undergo protonation 
completely at this pH and the pH difference between the sample (4.0) and BGE (9.1) 
is sufficient for the dynamic pH junction process. During pH junction, the PA 
molecules carrying positive charges migrated to the interface of the sample matrix 
and BGE rapidly and their mobilities experienced a sudden drop due to 
deprotonation and partitioning with anionic micelles (SDS) as a result of titration by 
hydroxide ions in the BGE buffer. Thus, all the PA molecules were stacked in the 
interface and then underwent a normal MEKC separation process. 
 
4.3.2.5 Effect of sample plug length on performance of pH junction-sweeping  
 
Normally, large volumes of sample injection lead to detrimental band broadening 
when there does not exist a specific electrokinetic focusing mechanism to counteract 
longitudinal diffusion. Injection volumes greater than 1% of the total length of 
capillary result in sample overloading and significant band broadening. Excessive 
analyte dispersion may lead to poorer sensitivity and limited peak resolution. 
Previous reports have utilized the detector-to injection-bandwidth ratio (DIBR) as 
quantitative measure for assessing analyte focusing that corrects for different 
velocities [253-254]. There are two opposing effects occurring with the sample plug 
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during preconcentration, namely band broadening and band narrowing. The former 
is usually encountered in conventional CE experiments using continuous electrolytes, 
while the latter is believed to be caused by the altered mobilities of analytes in 
different electrolytes. Therefore, if the effect of diffusion does not seriously hamper 
the focusing effect that reduces the injected sample zone, it is acceptable to use a 
larger sample injection volume for improved concentration sensitivity.  
 























a Equation for calculation of sample plug length is L=C×t (cm), where L is Sample 
plug length, C is flow speed under constant injection pressure, t is injection time. 
Flow speed is a constant which is determined by measuring the time for methyl 
oxide to reach detector window under constant pressure 20.7 mbar. It took 36.8 min 
for methyl oxide to migrate through effective capillary length (50 cm). So, the flow 
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Figure 4-16 Effect of sample plug length on performance of dynamic pH 
junction-sweeping. (A) Peak height as a function of injection time; (B) Peak half 
width as a function of injection time. Injection time is 44s, 133s, 265s, 530 s 
corresponding sample plug length 1cm, 3cm, 6cm, 12 cm respectively. Sample was 
prepared with 10 mM phosphate and 20% methanol at pH 4.0. Other conditions are 
the same as in Figure 4-12. 
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The effect of different lengths of sample plugs (Table 4-2) on focusing performance 
was investigated as shown in Figure 4-16. The sample matrix used through all over 
the investigation was composed of 10 mM phosphate with 20% methanol at pH 4.0. 
Figure 4-16A illustrates the peak height increase as a function of injection time. As 
injection time was increased gradually from 44s (1cm sample plug) to 265 s (6 cm), 
peak height increases notably but peak broadening also occurs. Clearly, in the duel 
between band narrowing and broadening, the effect of band narrowing is much more 
dominant. However, as the injection time was increased to 530 s (12 cm), the effect 
of focusing was not enhanced further. This is particularly distinct for senkirkine, its 
peak height even decreased (Figure 4-16A) as a result of seriously exasperated band 
broadening (Figure 4-16B). For high concentrations of PAs, the narrower sample 
zones at shorter injection times may be attributed to the serious band broadening 
when using longer sample injection (530 s). However, the situation may be changed 










Figure 4-17 Electropherogram of PAs by dynamic pH junction-sweeping. Injection 
time, 530 s (12 cm, 20% of capillary length); Sample was prepared with 10 mM 
phosphate and 20% methanol at pH 4.0. Concentration of each PA, 0.42 μg/mL. 
Other conditions are the same as in Figure 4-12. 
 
Figure 4-17 is the typical electropherogram of pH junction-sweeping with sample 
plug length of 12 cm (530 s) and a sample concentration 20-fold lower than in 
Figure 4-16. Sharp peaks of the four PAs with good separation were observed with 
530s sample injection by pH junction-sweeping. LOD was calculated to be as low as 
30 ppb and sensitivity improvement ranging from 22.8 folds to 90 folds was 
achieved. The above results indicate that a compromise between sample injection 
time and sample concentration has to be made in order to obtain high efficiency and 
a satisfactory sensitivity enhancement factor. The enhancement factors obtained for 
the PAs in this work are not as high as those for other analytes in previous reports 
[259-260]. The reason for the lower enhancement factor is that diffusion of the polar 
PAs may occur during electromigration and hence compression of the initial large 
sample zone into a narrow band is not effective. Nevertheless, the sensitivity 
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achievable should be adequate for the analysis of real samples.  
 
4.3.2.6 Linearity, reproducibility and limit of detection. 
 
Method validation of analysis of PAs by dynamic pH junction-sweeping capillary 
electrophoresis was examined in terms of linearity, reproducibility and sensitivity. 
The linearity of the method within 20-fold concentration range was excellent as 
reflected by the correlation efficient (R2) for all these four PAs (Table 4-3). The 
reproducibility of the proposed dynamic pH junction-sweeping method was 
evaluated (n=4) and the relative standard deviation (RSD%) in migration time varied 
from 0.32 to 0.69 and peak area, from 0.82 to 4.26 for all these four toxic PAs (Table 
4-3). The limits of detection (S/N=3) of different CE methods for the analysis of PAs 
were listed in Table 4-4. Compared with normal MEKC as well as FESI-MEKC, 
sensitivity improvement ranging from 22.8-fold to 90-fold was realized for the 
studied PAs by the proposed dynamic pH junction-sweeping method and it permits 
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a y and x represent for the peak area and concentration (μg/mL) of PAs respectively. 
b RSDs are calculated based on four runs. 
 
Table 4-4 Comparison of limits of detection (LOD) and sensitivity enhancement 
(SE)  
Limit of detection  (LOD, μg/mL) d
Dynamic pH junction-sweeping c
MEKC a FESI-MEKC b
265 s 530 s 
Pyrrolizidine 
Alkaloids 

































a MEKC: run buffer20 mM borate, 30 mM SDS and 20% methanol at pH 9.1. Sample solution, 
four PAs were mixed and diluted 20 folds with 50% methanol in water and injected 10 s at 20.7 
mbar. 
b FESI-MEKC: run buffer: 20 mM borate, 30 mM SDS and 20% methanol at pH 9.1. Sample 
solution, four PAs are mixed and diluted 20 folds with run buffer, electrokinetically injected 20s 
under negative polarity after a water plug was introduced (90s at 20.7 mbar). 
c pH junction-sweeping: run buffer, 20 mM borate, 30 mM SDS and 20% methanol at pH 9.1. 
Sample solution, four PAs are mixed and diluted 400 folds for 265s injection and 8000 folds for 
530 s injection at 20.7 mbar with sample buffer consisting of 10 mM phosphate with 20% 
methanol at pH 4.0. 
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4.3.2.7 Real sample analysis  
 
On-line preconcentration techniques can not only enhance the sensitivity remarkably 
but also improve resolution which is particularly useful for the analysis of minor 
constituents of interest in the presence of other complex components in real samples. 
The proposed dynamic pH junction-sweeping method in this report was applied to 
the analysis of real sample solutions extracted from Chinese herbal plants. The 
sample solutions were diluted 10 times with desired sample matrix prior to injection. 
Figure 4-18A is the typical MEKC electropherogram of Kuan donghua obtained 
using normal injection (10s at 20.7 mbar). Only senkirkine with a small peak was 
detected. Figure 4-18B shows the typical electropherogram of Kuan donghua 
obtained using the dynamic pH junction-sweeping strategy with large volume 
injection (265s at 20.7 mbar). As anticipated, the signal for senkirkine increased 
remarkably and more importantly the peak for senecionine was detected. Peaks were 
identified by comparison of the migration times and by spiking the standards into the 
diluted sample solution. For the determination of amount of PAs contained in Kuan 
donghua, three identical portions of Kuan donghua (each for one gram) were 
extracted as described in section 2.3 and analyzed with optimized pH 
junction-sweeping condition for three times. RSDs in migration time and area for 
both detected PAs in samples were less than 1.8% and 4.8% respectively. According 
to the linearity equation, the amounts of PAs in Kuan donghua were found to be 
around 59.3 μg/g and 11.1μg/g for senkirkine and senecionine respectively. The 
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Figure 4-18 Electropherograms of Kuan donghua with normal MEKC and dynamic 
pH junction-sweeping. Run buffer was the same as used in Figure 4. (A) MEKC, 
sample was diluted 10 times with 50% methanol in water; (B) Dynamic pH 
junction-sweeping, sample was diluted 10 times with sample matrix used in Figure 7. 
Large volume sample injection time, 265 s at 20.7 mbar. Other conditions are same 
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4.4 Conclusions 
 
The developed MEKC and dynamic pH junction-sweeping methods have been 
successfully applied to the separation and determination of pyrrolizidine alkaloids 
contained in Chinese herbal medicines for the first time. In contrast with routine 
methods for the analysis of toxic PAs, these two methods are superior in terms of 
resolution, speed and sensitivity enhancement. In MEKC, all of these four PAs were 
separated in a 17-min run under optimum separation conditions with good resolution 
and reproducibility. RSDs (n=4) in migration time and peak area for these four toxic 
PAs were 0.31~0.48% and 3.28~4.16% respectively. Also, with the proposed pH 
junction-sweeping on-line preconcentration strategy, sensitivity enhancement factors 
ranging from 22.8-fold to 90-fold were achieved and LOD was decreased to as low 
as 30 ppb. The results showed advantages of simplicity, rapidity, good 
reproducibility and good sensitivity for the analysis of these four toxic PAs. 
Generally, these two methods provide alternative and effective tools for quality 
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Chapter 5 Conclusions and outlook 
 
CE has proved to be a valuable tool for the analysis of biomedical analytes with regard to 
its speed, simplicity and separating capabilities. This thesis mainly described the 
development of CE methods for biomedical analytes, as well as applications of the 
developed methods in the analysis of real samples. 
 
The unique combination of instrumental analysis and biology could revolutionize many 
aspects of microbiology, diagnosis of diseases, environmental science, and any 
technology that utilizes or deals with bacteria and viruses. In Part I, CE methods with 
different detection methods were proposed and demonstrated to be feasible for the 
analysis of various intact bacteria instead of cell components like protein and DNA. With 
the optimized separation condition, separation of bacteria mixtures with extremely high 
efficiency in short analysis time (<10 min) was achieved. In this part, it was found 
sample pretreatment using vortex or sonication to disperse the aggregated cells was 
critical to observe single peaks corresponding to single cells. Different bacteria have 
different association strength among cells, which means sample pretreatment is not 
readily transferable. Also, pH and ionic strength of buffer played important roles on 
mobilities of bacteria. In addition, a pathogenic bacteria Edwardsiella tarda was 
identified and determined in fish species using fish fluid as a matrix. These experiments 
have provided an understanding of fundamental electrophoretic theory, and the possibility 
of diagnosing a variety of diseases directly. However, for CE to become a widely useful 
and popular technique, additional work must be done. For instance, the separation 
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mechanism and electrophoretic behavior of bacteria are not well understood. Also, the 
applicability of these techniques needs to be expanded. There also needs to be a general 
improvement of the methods regarding accuracy, precision and reproducibility. As these 
issues are resolved, the use and wealth of information obtained from the CE analysis of 
bacteria will continue to grow. 
 
CE has also been demonstrated as a powerful tool in many aspects of molecular biology 
and genetics. A CE method with entangled polymer solution for the separation of DNA 
was developed. In this method, poly(vinylpyrrolidone) (PVP) with high molecular weight 
(Mr=1,300,000) yet low viscosity provided good separation ability for a wide size range 
DNA. Compared with commonly used cellulose polymers, PVP showed merits with 
regard to separation speed, efficiency and resolution. Due to its ultra low viscosity, it 
becomes quite convenient to fill polymer solution into capillary columns which provide 
possibilities for high speed and high throughput DNA analysis. With the optimized 
MES/TRIS/PVP (40/20 mM MES/TRIS and 1% PVP) buffer system, 2-log ladder 
ranging from 100 bp to 10,002 bp was successfully resolved in less than 20 min. Besides, 
due to the great sensitivity enhancement by laser induced fluorescence detection, limits of 
detection for all the fragments are quite low, ranging from 0.14 ng/mL to 0.32 ng/mL. 
The proposed method was also evaluated for the analysis of PCR products from bacteria 
EHEC gene. These data suggest that the developed separation method using PVP as 
sieving matrix is a good alternative for DNA analysis in genetic applications. CE offers 
enhanced separation speed over slab-gel methods used today and automated, 
high-throughput, high resolution DNA sequences based on CE are becoming available 
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today because of the high performance of many different polymers solution. 
 
There are a variety of compounds which can possess carcinogenic activity and cause 
human toxicity. In Part II, separation of four mutagenic PAs was achieved with MEKC 
and PAs contained in traditional Chinese medicine are successfully determined. 
Compared with routine HPLC and NACE methods, MEKC is superior to them with 
regard to separation selectivity and speed. The MEKC buffer system is quite simple and 
all these four toxic PAs can be separated in 17 min with good reproducibility. In order to 
increase the detection sensitivity due to the short path length of capillary, a novel online 
preconcentration method, referred to as dynamic pH junction-sweeping, was introduced 
and applied to the analysis of toxic PAs. With the proposed pH junction-sweeping 
strategy, sensitivity enhancement factors ranging from 22.8-fold to 90-fold were achieved 
and LOD was decreased to as low as 30 ppb. Consequently, two PAs contained in Kuan 
donghua were successfully detected and determined, which can not be done in MEKC 
with normal injection. All the above results indicate that the method proposed in this 
study is potentially an effective alternative tool for quality control and quantitative 
analysis of herbal medicines in pharmaceutical industry. 
 
It is clear that CE has continued to grow as an alternative analytical technique during the 
past decades in different fields. In this thesis, CE methods as well as their applications 
were further developed and expanded. From the promising results obtained, it is 
concluded that CE will certainly play an important role in analytical chemistry and 
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